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INTRODUCTION 
D i f f u s e  re f l ec tance  i n f r a r e d  Four ie r  t rans form (DRIFT) spectroscopy 
has become a very i n fo rma t i ve  method o f  eva lua t ing  t h e  chemistry and 
s t r u c t u r e  o f  coals, chars, and r e l a t e d  ma te r ia l s  C1,2,31. I n f r a r e d  
spectroscopy has long been recognized a5 an i n f o r m a t i v e  means o f  
studying the  chemistry and physics o f  Coal5 C4,53. Recent advances 
i n  instrumentat ion,  computer assistance, and techniques have apprecia- 
b l y  enhanced the  amount and c a l i b e r  o f  t h e  spectra and the  s c i e n t i f i c  

' importance o f  t h e  conclusionsC6,7>. The enhanced s e n s i t i v i t y  o f  these 
new instruments has pe rm i t ted  renewed i n t e r e s t  i n  nondest ruc t ive  spec- 
t roscop ic  s tud ies  by d i f f u s e  r e f l e c t a n c e  i n f r a r e d  spectroscopyC8,9). 

EXPERIMENTAL 
The spectrometer, c e l l ,  and techniques f o r  measuring t h e  d i f f u s e  r e -  
f l ec tance  spectra o f  s o l i d  samples over a wide range o f  temperatures 
-and pressures have been descr ibed p rev ious l y  C 1 , 2 , 1 0 , 1 1 > .  A p o r t i o n  o f  
t h i s  study i s  devoted t o  extending our c a p a b i l i t i e s  t o  be able t o  
study unperturbed s o l i d  surfaces o f  r a t h e r  l a r g e  p ieces  o f  coal  and 
t o  d i r e c t l y  monitor changes wrought i n  s imulated chemical and phys ica l  
processing. Grinding of coa ls  i s  known t o  a l t e r  t h e  chemical and 
phys ica l  s t r u c t u r e  o f  Coal5 and al though DRIFT s tud ies  r e q u i r e  much 
l e s s  s t r i n g e n t  t reatment€9> the re  i s  most assuredly some m o d i f i c a t i o n  
due t o  the  energy d i s s i p a t i o n  accompanying percuss ive  grindingC123. 
The coal sample f o r  t h i s  study was a " run  o f  the  mine" a l i q u o t  taken 
from the  -3/+4 mesh se ive  f rac t i on ,  sealed i n  a g lass  b o t t l e  and 
s to red  f o r  approximately two months, f r e e  from thermal e f f e c t s  
(d ry ing)  and ex tens ive  ox ida t i on  (weathering) which a re  known t o  
markedly a l t e r  t he  morpholgy and chemistry o f  bo th  t h e  organic and the  
inorgan ic  (minera l )  cons t i t uen ts  i n  coalsC13>. Th is  sample was 
provided by the  Tennessee Va l l ey  A u t h o r i t y  from t h e  Paradise 
(Kentucky) Mine and i s  genera l l y  ranked as High V o l a t i l e  C-Bituminous 
a5 representa t ive  o f  t he  feed stock f o r  t he  f l u i d i z e d  bed combustion 
f a c i  1 i ty .  

RESULTS AND DISSCUSION 
T y p i c a l l y  t he  cleaved surfaces ( p a r a l l e l  t o  the  bedding plane) vary i n  
appearance due t o  t h e  heterogeneous d i s t r i b u t i o n  o f  t h e  macerals i n  
the  s t ruc tu re .  The v a r i a t i o n  i n  r e f l e c t i o n  o f  v i s i b l e  l i g h t  al lowed LIS 

t o  focus on g lossy  or d u l l  areas o f  t he  sur face  o f  t h e  p iece  o f  coal  
and t o  note the  v a r i a t i o n  i n  DRIFT response over d is tances  grea ter  
than our beam s i z e  (ca. 2mm w i t h  our 6X condensing o p t i c s ) .  F igure  1 
show5 the  v a r i a t i o n  i n  DRIFT s igna l .  Spectrum A was taken w i th  the  
i n c i d e n t  beam f l o o d i n g  a v i s i b l y  homogenous reg ion  o f  h igh  r e f l e c t i v -  
i t y  and we no te  t h a t  t he re  i s  appreciable specular r e f l e c t i o n  i n  the  
i n f r a r e d  w i t h  l i t t l e  or no spec t ra l  f ea tu res  i n d i c a t i v e  o f  d i f f u s e  
r e f l e c t i o n .  The negat.ive fea tures  (500 and 1100 cm-1) a re  undoubtedly 
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due t o  anomolous despersion o r  r e s t s t r a h l e n  effectsC14,15) which are 
regarded a5 de t r imenta l  t o  DRIFT analyses and a l low us t o  deduce some 
in fo rma t ion  concerning t h e  phys ica l  s t a t e  ( conso l i da t i on )  o f  the  coal 
s t r u c t u r e  i n  t h i s  reg ion .  I n  marked con t ras t  we no te  appreciable 
d i f f e rence  when sampling and d u l l  area o f  t he  same p iece  of coal .  The 
DRIFT spectrum, spectrum E, i s  s t i l l  of very poor q u a l i t y  due t o  the 
consol idated na ture  o f  t h e  substrate.  Very good DRIFT spec t ra  can be 
obtained a f t e r  gen t le  abrasion o f  t he  sur face  w i t h  f i n e  g r i t  "Emory 
Paper" and removal o f  t h e  dis lodged mate r ia l  as  shown i n  Spectrum C of 
F igure  1. Th is  m i l d  abrasion forms a sur face  which i s  rough enough t o  
r e f l e c t  and absorb electromagnet ic r a d i a t i o n  much as a f i n e  powder. 
This spec t ra l  response i s  v i r t u a l l y  i d e n t i c a l  t o  t h a t  o f  powders o f  
s i m i l a r  rank, given t h a t  t h e  q u a n t i t a t i v e  na ture  v a r i e s  due t o  
chemistry and s t r u c t u r e  o f  i n d i v i d u a l  a l i quo ts .  These spec t ra  i n  tu rn  
c o r r e l a t e  q u i t e  w e l l  w i t h  t h e i r  counterpar ts  obtained i n  the  t rans-  
mission made a f t e r  encapsulsat ion i n  K B r  or some other  support medium. 

Figure 2 serves t o  show t h a t  one can use t h e  DRIFT technique t o  
monitor chemical and phys i ca l  changes o f  a g iven sample o f  coal  very 
wel l .  Spectrum D shows t h e  DRIFT response of t h e  same area o f  t he  same 
sample i n  vacuum a t  400 C a f t e r  exposure t o  oxygen gas a t  400 C long 
enough t o  a t t a i n  t h e  steady s t a t e  cond i t i ons  deduced by sensing no 
f u r t h e r  change i n  spec t ra l  f ea tu res  ( i n t e n s i t i e s ,  band shapes and 
i n t e n s t i e s )  w i t h  t ime. V i sua l  observat ion a l l ows  one t o  semiquanti ta- 
t i v e l y  deduce some o f  t h e  re levan t  steps associated w i t h  ox ida t ion .  
Within the  depth o f  DRIFT response the  aromatic ( e )  and a l i p h a t i c  
(f ,g,h) hydrogen content i s  e s s e n t i a l l y  depleted and t h e r e  i s  a marked 
increase i n  carbonyl  con ten t  ranging from aldehydes/ketones ( k )  t o  the 
more oxygen r i c h  ac id  anhydr ides (i, j ) .  These oxygen i n s e r t i o n  pre- 
c u r ~ o r s  t o  gaseous carbon d i o x i d e  g i v e  r i s e  t o  spec t ra l  i n t e n s i t i e s  
which a c t u a l l y  exceed t h a t  o f  t he  omnipresent polynuclear aromatic (1) 
and methylenelether (m,n,o) c ross l i nks .  A l l  o f  t h i s  i s  noted t o  have 
l i t t l e  e f f e c t  on the  oxy-hydrogen phenol ic,  a l c o h o l i c  and ac id  e n t i t i e s  
t h a t  a re  present i n  va r ious  s t a t e s  o f  hydrogen bonding and g ives  r i s e  
t o  the broad absorp t ion  f e a t u r e  (3600 t o  2000 cm-1). A very r i c h  and 
e n t i c i n g  po tpour r i  o f  p o t e n t i a l l y  va luab le  i n fo rma t ion  t o  say t h e  
1 east. 
One can no te  t h e  l i m i t e d  pene t ra t i on  i nvo l ved  i n  DRIFT s tud ies  and 
a l s o  note t h a t  t h e  oxygen a t tack  i nvo l ves  a l aye r  o f  mate r ia l  near 
t h e  surface. Reabrasion o f  t h e  same area o f  t he  same sample g ives  
r i s e  t o  DRIFT spectrum E of  F igu re  2 where we no te  t h e  reve rs ion  t o  
t h e  spec t ra l  s t a t e  so c l a s s i c a l l y  c h a r a c t e r i s t i c  o f  t h e  o r i g i n a l  coal. 
The hydrocarbon bands (e,f,g,h) a re  again prominent and the  carbonyl 
bands ( i , j , k )  a re  g r e a t l y  diminished i n d i c a t i n g  t h a t  t he re  probably 
ex is ted  a g rad ien t  o f  oxygen dens i t y  which " t a i l e d "  beyond the  approx- 
imately 50 micrometers removed i n  the  second abrasion. A l l  o f  t he  
spec t ra l  fea tures  of E a r e  somewhat enhanced w i t h  respect t o  C due t o  
an increase i n  DRIFT e f f i c i e n c y  brought about by a more enhanced 
roughness and/or a mod i f ied  r e f r a c t i v e  index due t o  l o s s  of i n f r a r e d  
i n a c t i v e  g r a p h i t i c  carbon du r ing  t h e  combustion phase o f  t h i s  study. 
Fu ture  s tud ies  w i t h  t h i n n e r  sec t i on ing  w i l l  a l l ow  us t o  ob ta in  f u r t h e r  
d e t a i l s  from a d e t a i l e d  and q u a n t i t i t i v e  ana lys i s  o f  t he  chemical and 
s t u c t u r a l  p r o f i l e  o f  t h e  steady s t a t e  oxygen i n s e r t i o n / d i f f u s i o n  
process. 
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To t h i s  end we have ins t , iga ted  a program t o  q u a n t i t a t i v e l y  analyze our 
DRIFT spectra. The problem i s  complex s ince  v i r t u a l l y  every band over- 
l aps  one or more adjacent bands. There i s  c u r r e n t l y  a s t rong  i n t e r -  
na t i ona l  move t o  q u a n t i t a t i v e l y  analyze i n f r a r e d  spec t ra  i n  general 
.:16.17,18,19> and coal  spec t ra  i n  par t i cu la rC6,7> us ing  soph is t i ca ted  
and r e a d i l y  a v a i l a b l e  computersC203. F igu re  3 i s  our ana lys i s  o f  t h e  
data o f  DRIFT spectrum E, using t h e  second d e r i v a t i v e  t o  ra t t l e r  ac- 
c u r a t e l y  assess t h e  frequencies o f  t he  i n d i v i d u a l  c o n t r i b u t i n g  absorp- 
t i o n  bands i n  terms of t he  r e s u l t a n t  i n f l e c t i o n  p o i n t s  i n  the  sum-  
mation composite. The r e s u l t s  compare favorab ly  w i th  those o f  Fa in te r  
e t .  a l .  C7>. There has been a renewed i n t e r e s t  i n  "resol i . i t ion enhance- 
ment" of spectra by deconvolutionC21> techniques now t h a t  f a s t  Four ie r  
t ransforms are a v a i l a b l e  and t h e  requ i red  a lgor i thms have been 
developed. G r i f f i t h s  et.al.C9> have been ab le  t o  accura te ly  p o s i t i o n  

O u r  r e s u l t s  are g i v e  i n  F igure  4 f o r  t h e  hydrocarbon reg ion  o f  DRIFT 
spectrum E shown wit,h the  Four ie r  sel f -deconvolut ion.  Comparison o f  
F igures  3 and 4 merely p o i n t  ou t  t h e  c lose  r e l a t i o n s h i p  between decon- 
v o l u t i o n  and d e r i v a t , i i a t i o n  i n  terms o f  t he  m u l t i p l i c a t i v e  opera t ion  
t h a t  corresponds t o  each i n  t h e  t ime domainC22,23>. Both opera t ions  
are  mathematical ly classed as f i l t e r  f unc t i ons  ( a l b e i t  negat ive  or  
"~ir~smoothiny" f i l t e r s  i n  t h i s  ins tance)  C24l. The prime u t i l i t y  o f  
both techni  ques i s  t o  accura te ly  measure c h a r a c t e r i s t i c  band 
frequenci.es wi thout t h e  human e r r a r  associated w i t h  l o c a t i n g  i n f l e c t -  
i o n  p o i n t s  and "shoulders" r e l i a b l y  and reproduc ib ly .  That goal i s  
achieved admirably i n  bo th  cases. It i s  now euch a simple task t h a t  
we can t u r n  i t  aver t o  the  s imple "mind" o f  t he  computer where the  
maxima i n  both curves a re  evaluated w i thout  human i n t e r v e n t i o n  or  b ias .  
Table 1 tabu la tes  the  band p o s i t i o n  f o r  our analyses compared t o  the  
r e s u l t s  o f  othersC25,26:.. These carbon-hydrogen s t r e t c h i n g  frequencies 
are  i d e a l l y  su i ted  t o  t e s t  our program s ince  they are r e l a t i v e l y  i m -  
mune t o  subs t i tuent  and environmental effectsC251. 

Quan t i t a t i ve  analyses requ i res  accurate eva lua t i on  o f  t he  i n t e n s i t y  
(he igh t ) ,  i n teg ra ted  area and/or band w id th  o f  t h e  bands associated 
w i t h  the  v i b r a t i o n  o f  each e n t i t y .  Th is  can be done most r e l i a b l y  by 
i t e r a t i v e  minimum l e a s t  squaresCl6,17> or  some r e l a t e d  technique i n  
which the  summation of t he  composite peaks most c l o s e l y  matches t h e  
experimental spectrum. The band p o s i t i o n s  from t h e  second d e r i v a t i v e  
and/or Four ie r  se l f -deconvo lu t ion  are  used as f i r s t  approximations and 
i n t e n s i t i e s  are est imated r a t i o m e t r i c a l l y  ( u t i l i z i n g  the  area conserva- 
t i o n  inherent  i n  deconvolut ion).  I n i t i a l  band widths are  tak:en t o  be 
the  optimum value (average) used i n  t h e  Four ie r  sel f -deconvolut ion.  
General ly the  i t e r a t i o n s  converge i n  6 t o  10 steps w i thout  divergence, 
which can oc:cur i f  i n i t i a l  est imates are  g ross l y  d i spa ra te  from t h e  
optimum value. Our r e s u l t s  are given i n  F igu re  5 where we no te  t h a t  
the  dev ia t i on  (upper l i n e )  i s  a t  o r  near- t he  s ig r ia l /no ise  r a t i o  of the  
e:.:perimental spectrum. When t h i s  casf? p r e v a i l s  (standard dev ia t i on  
approximately equals the  s igna l /no i se  r a t i o )  for- t he  converged i n t e r -  
a t i ons  the re  i s  no j u s t i f i c a t i o n  o f  f u r t h e r  deconvolut ion and/or 
i nco rpo ra t i on  of a d d i t i o n a l  bands i n  the  envelope. Conversely, mare 
s t r i n g e n t  deconvolut ion i s  no t  warranted i f  t h e  standard dev ia t i on  i s  
not appreciably diminished toward the  s igna l / r io ise  r a t i o .  These 

7 coal  s t r u c t u r e  bands w i t h  Four ie r  s e l f  deconvolut ion o f  t h e i r  spectra.  
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. techniques are r e a d i l y  implemented w i t h  t h e  a i d  o f  today’s computers 
and we must be caut ious  t h a t  we do no t  abuse them by ta1::ing them 
beyond t h e i r  1 i m i  ts .  

The br-oad band due t o  t h e  oxygen-hydrogen streCching v i b r a t i o n s  i s  
seen t o  be composed o f  5 bands whose i n t e n s i t i e s  and widths are  given 
i n  F igu re  6. The p o s i t i o n s  and widths of these bands c l o s e l y  match 
those of Solomon e t .  a l .  Cb:.. Our spectrum i s  taken i n  vacuum (.00002 
t o r r )  and i s  a t r u e  vacuum spectrum as compared t o  t h e  purge s t a t e  
t h a t  i s  approached when a l k a l i  h a l i d e  p e l l e t s  a re  al lowed t o  e q u i l i -  
brate.  I t  i s  r e a d i l y  noted t h a t  t he  f i v e  f requencies a re  associat.ed 
w i t h  successively s t ronger  hydrogen bonding C27,28,29>. The r e l a t i v e  
s t rengths  are due t o  h igher  degrees o f  coo rd ina t i on  between t h a t  o f  a 
l i n e a r  bond t o  t h a t  o f  t h e  5 f o l d  i n t e r a c t i o n  o f  cubic Close packing 
of the  acceptor l i gands  o r ien ted  somewhat symmetr ical ly around the  
donor hydrogeri of t he  covalent phenol, a lcoho l ,  o r  a c i d i c  e n t i t i e s .  
In te rmed ia te  s t a t e s  correspond t o  lesser  i n t e r a c t i o n s  w i t h  hydrogen. 
Each band corresponds t o  increased 0-H 1 ength, decreased 0-H. . .O 
separat ion,  increased bandwidth, and enhanced e x t i n c t i o n  c o e f f i c i e n t  
i n  accordance w i t h  known behavior- of s i m i l a r  hydrogen bondinyC27-29). 
The importance i n  a good understanding o f  thes;e hydrogen bonds i s  
essen t ia l  t o  understanding the  s t r u c t u r e  and chemistry and s t r u c t u r e  
o f  coa ls  and r e l a t e d  ma te r ia l s .  More d e t a i l  w i l l  be g iven i n  t h e  o r a l  
present a t  i on. 

The u t i l i t y  of t h i s  computer aided ana lys i s  i s  q u i t e  ev ident  when 
app l ied  t o  the  lower frequency range (F igu re  8 )  where c l a s s i c a l  methods 
based on v i s ~ i a l  observa t ion  and operator judgement a re  f a r  from 
quan t i t a t i ve .  For example, t h e  carbonyl  bands a t  1843, 1760 and 1720 
cm-1 are  r e a d i l y  reso lved even i n  the  presence o f  the  very l a r g e  
aromatic peal:: a t  1608 cm-lC9l. More d e t a i l s  w i l l  be given i n  t h e  o r a l  
p resenta t ion  t o  no te  the  q u a n t i t a t i v e  aspects o f  ana lyz ing  successive 
spec t ra  t o  e luc ida te  t h e  mechanism of owi.dation o f  coa ls  and chars. 

CONCLUSIONS 
Modern spectrometers w i  t.h computer aided data aqiri s i  t . ion and proces- 
s ing  are very we l l  s u i t e d  t o  ob ta in  d i f f u s e  re f l ec tance  i n f r a r e d  
spec t ra  o f  coa ls  w i t h  a minimum t ime and e f f o r t  f o r  sample preparat ion.  
The spec t ra  a re  o f  h igh  c a l i b e r  and are  very comparable t o  the  best 
t ransmission spectra.  0uan t i t . a t i ve  data i s  obtained f o r  t he  reg ion  
penetrated by the  i n c i d e n t  beam. Depth p r o f i l i n g  i s  poss ib le  u t i l i z -  
i n g  t h i s  sur face  s e n s i t i v i t y  o f  the  DRIFT technique. L a t e r a l  scanning 
i s  a l s o  poss ib le  t o  a l l ow  m e  t o  eva lua te  the  he terogene i ty  and specie 
d i s t r i b u t i o n  i n  the  p lane o f  t he  surface. The u t i 1 i t . y  of DRIFT 
techniques, so we l l  recognized f o r  powdered coals,  cain be used on 
conso l ida ted  coa ls  and thus  measure and map chemistry and s t r u c t u r e  o f  
of t h e  o r i g i n a l  c o a l i , f i e d  mat.r ix. These s tud ies  are e a s i l y  e f f e c t e d  
under c o n t r o l l e d  environments t o  ma in ta in  coal  bed ccir id i t ions (h igh  
r e l a t i v e  humid i ty )  , generate i n e r t  atmospheres (n i t rogen  or  argon 
gas) induce and moriti o r  r e a c t  i o n s  (hydra t  ion/dehydr-at i  on , ox ida t i on  , 
hydrogenation, carbonat ion ,etc.  ) ,  o r  v i r t u a l l y  any combi,nation over a 
wide range of temperatures (77 k: t o  H 0 O  H )  and pressures (.OCiOCQ t o r r  
t o  2000 t o r r )  w i t h  o w  pr-eselit c e l l .  611 of t h e  s t ~ ~ d i e s  a re  e a s i l y  
made f r e e  of mat r i x  and supports normal ly used f o r  IF; s t ~ d i e s  of 
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so l i ds .  The h igh  q u a l i t y  of t he  spec t ra  a re  we l l  suit .ed t o  
quanti  ta t i . ve  analyses us iny  modern computer aided deconvolut ion and 
r e l a t e d  composite band eva lua t ion  techniques. We now can s t a r t  t o  
evaluate the  complex chemistry arid s t r u c t u r e  of coa ls  and r e l a t e d  
ma te r ia l s  and t o  f o l l o w  t h e  f a t e  of each and every specie as we ob ta in  
spectra under r e a l i s t i c  cond i t i ons  o f  c o a l i f i c a t i o n  and subsequent 
combustion or procesa;ing f o r  f u e l s  and feedstocks. 
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TABLE 1. VIBRATIONAL FREQUENCIES EVALUATED FOR KENTUCKY # 9 ( 5 8 )  COAL 
( f reqenc ies  tabu la ted  as wavenumbers, cm-1) 

Thi!a work Ref. 7 Ref 25---------- FIssi gnment 

305 1 

3017 

2958 2956 29t.2+/-1 a RCH3 

2925 2923 2925+/- 5 FIrCHJ k R2CH2 

2894 289 1 2900+/- 7 R3CH 

2870 2864 2872+/- 10 RCH3 & ArCH3 

2854 2849 2855+/-10 R2CH2 

2752 ----- 

SOS0+/-50 Ar-H 

3025+/-25 R2C=CHR k RCH-CHR 

----- 
----- 

2732+/- 12 RCHO 
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DRIFT SPECTRA: MODIFIED KENTUCKY NUMBER NINE 

WIVENUMBERS ISm*'l 

Figure  2. E f f e c t s  of Chemical and Physica l  Treatment of Kentucky 09 
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REFLECTANCE SPECTRA: SOLID KENTUCKY NUMBER NINE 

Figure  1. DRIFT Spectra l  V a r i a t i o n  f o r  Kentucky W9 
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iigure 5. Least Squares Composite Sum f o r  
Hydrocarbon (K958) 

Figure 4. Fourier Self-deconvolution of 
Hydrocarbon Spectrum (K958) 
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Figure 3. Second Derivative Analysis of Hydrocarbon 
Spectra (K958) 
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F i g u r e  7.  Hydrogen Bonded Hydroxyl Sequence V a r i a t i o n  (K958) 

F i g u r e  6.  Least  Squares Composite Sum for  Hydroxyl Bands (K958) 
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RELATION BETWEEN HYDROCARBON STRUCTURE AND FRAGMENTS PRODUCED IN PYROLYSIS 

Peter R. Solomon, Kevin R. Squire and Robert M. Carangelo 

Advanced Fuel Research, Inc.. 87 Church Street, East Hartford, CT 06108 

Analysis of the heavy molecules which form tar in hydrocarbon pyrolysis can 
provide clues to the mechanisms of their release and to the structure of the parent 
molecule. This paper considers the relationship between the original hydrocarbon 
structure and the product tar. Pyrolysis experiments have been performed in a 
heated grid apparatus on several coals and lignins and on a polymer specifically 
synthesized to model features of natural hydrocarbons. Tars were collected and 
analyzed by Fourier Transfrom Infrared (FT-IR) Spectroscopy. The functional group 
composition of tars for a bituminous coal, a lignin and a polymer are all remarkably 
similar to the functional group composition of the parent material. It is believed 
that for these samples, the tar consists of minimally disturbed fragments of the 
original organic matrix. Molecular weights of tars were determined by Field 
Ionization Mass Spectrometry (FIMS) for tars collected from the heated grid 
apparatus and for samples pyrolyzed directly in the FIMS apparatus. The mass 
spectra all exhibit features reflecting structural aspects of the parent molecule 
and for the softening bituminous coals, the lignin and the polymer, the upper limit 
of molecular weight appears limited by vaporization. The process appears to be 
controlled by the combined effects of pyrolysis and vaporization, where bond 
breaking is required to produce fragments which are small enough to volatilize. The 
fragments are, therefore, similar in composition to the parent solid but lower in 
molecular weight. 

has been used to interpret the results. The theory combines random cleavage of weak 
bonds in the polymer (to produce "metaplast") with transport of depolymerization 
fragments by vaporization and diffusion. The theory predicts product yields and 
molecular weight distributions in agreement with the observed results. An attempt 
has also been made to fit the regular structure in the FIMS spectra with an assumed 
distribution of likely homologous series. Although the assignments are highly 
speculative, it is possible to obtain a reasonable facimile of the FIMS spectra with 
chemically reasonable choices. 

A computer model for the coupled pyrolysis and vaporization of macromolecules 

EXPERIMENTAL 

The pyrolysis experiments were performed in an apparatus which employs an 
electrically heated grid within an infrared cell to provide on-line, in-situ 
analysis of evolved products by Fourier Transform Infrared (FT-IR) Spectrometry. In 
the flash pyrolysis experiments, the cell was closed and the grid was heated to a 
final temperature at between 600 and 2000°C/sec. Char yield was obtained 
gravimetrically from the residue in the grid. Tar samples were obtained from the 
cold glass wall of the cell or from in-line filters and yields were obtained 
gravimetrically. Details of the experiment have been described previously (1,Z). 

International. The FIMS technique ionizes molecules with minimal fragmentation and 
so gives a direct molecular weight distribution ( 3 ) .  

rings linked by ethylene bridges, is described elsewhere (6). 

The field ionization mass spectrometry (FIMS) experiments were performex at SRI 

The preparation of the polymer, poly(l,4-dimethylenenaphthalene), napthalene 

RESULTS 

In relating pyrolysis products to the parent hydrocarbon, one of the most 
striking observations is the similarity often seen for the functional group 
composition of the two materials. Figure 1 shows FT-IR spectra for the tars, parent 
hydrocarbons and their differences for the model polymer, a lignin, a lignite, and a 
bituminous coal. Except for the lignite, the pairs of spectra are quite similar. 
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An important difference in the bituminous coal spectrum is a higher methyl group 
concentration in the tar which appears to result from rupture of 
C(aliphatic)-C(aliphatic) bonds followed by radical stabilization. 
loss Of C(aliphatic)-o bonds in lignin tar is probably due to rupture of ether bonds 
and evolution of water. 

samples Plus two additional coals are presented in Figs. 2 and 3. 
except for the lignin (which was pyrolyzed in the heated grid apparatus) were 
directly pyrolyzed in the FIMS apparatus. 

distribution is for the sum of products obtained during pyrolysis. 
spectra in Figa3 2b and 3 are the odd numbere$ masses for molecules which include 
nitrogens or C . The simplest spectrum is that of the polymer. It consists of 
oligomers from monomers to heptamers. A l l  the oligomers are released over a narrow 
temperature range between 400" and 425'C. This contrasts with the results obtained 
when the polymer tar is used as the sample in the FIMS. In this case, the sample 
distills with monomers and dimers coming off below 150"C, trimers and tetramers 
below 275°C and pentamers and hexamers near 400°C (4). 
the distribution of oligomers in Fig. 2a does not result from evaporation alone, but 
must be controlled by pyrolysis. The next simplest spectrum is that for lignin 
which appears to result from monomers, dimers and trimers. 
of dimers in this spectrum is thought to be due to dilignols linked by thermally 
stable bonds. 

The mass spectra of the coal pyrolysis products (Fig. 3) are the most difficult 
to interpret. The spectra consist of regularly spaced clusters of peaks on  top of a 
smooth background. The height and width of the background increases with rank. 
Extensive studies of coal pyrolysis products have been performed by Meuzelaar and 
co-workers (E). 
produces fragmentation, while the FIMS spectra presented here have negligible 
fragmentation. 
many of the FIMS peaks. For  example, the following homologous series have been 
identified in Py-MS spectra: m/z- 110, 124, 138 (dihydroxy-benzenes); m/z-94, 108, 
122, 136, 150 (phenols); m/z-142, 156, 170, 184 (napthalenes); and m/z-92, 106, 120 
(benzenes). 

organized into peak clusters which have a long range periodicity of 12 1/2 mass 
units. For subbituminous and higher rank coals, the peaks clusters appear to be 
arranged in groups of 4 with the peak clusters at 160, 210, 260, 310, etc. being 
larger than the previous peak cluster. The interpretation is that each set of 4 
peaks is a similar series differing by an addttional fused aromatic ring. After the 
addition of a new ring, the next peak cluster is larger by 14, representing the 
addition of saturated carbons, but the spacing is gradually reduced as the number of 
extra carbons grow, reaching 12 1/2 mass units per cluster with the addition of the 
next ring. The change in spacing is thought to result from increasing unsaturations 
as the side chains grow and form rings. 2) There are relatively low intensities at 
mass numbers for unsubstituted aromatics such as napthalene and anthracene; methyl 
or hydroxyl substituted aromatics have higher values but bi-substituted compounds 
appear to achieve a maximum. The interpretation is that fragments require the 
breaking of at least one and, more likely, two bonds, and therfore, are left with 
one or more substitutions. 
separated by saturated carbons. The relationship of these peaks can be seen by 
plotting their intensity as a function of the time (or temperature) at which they 
were evolved. Fig. 4 shows a series of peaks for a Pittsburgh Seam bituminous coal 
at 108, 122, and 136 compared to a series at 110, 124 and 138. The latter series 
evolves at a shorter time (lower temperature) than the former. The interpretation 
is that the 110 series is dihydroxy-benzene, while the former is a methyl 
hydroxy-benzene. The latter will likely require the breaking of 
C(a1iphatic)-C(a1iphatic) bonds which requires more energy and have higher 
temperatures than the breaking of C(a1iphatic) bonds. 4) The relationship between 
the compound class and the temperature of evolution is further examined in Fig .  4b 

7 
Similarly the 

Molecuar weight distributions f o r  the heavy products obtained for these 4 
A l l  samples 

These samples were heated at 
\ approximately 2-3"C/min to temperatures up to 46OOC. The molecular weight 

The darker 

This contrast suggests that 

The large contribution 

Their results are obtained for electron impact Ionization which 

Meuzelaar's results can, however, be used to g u i d e  our assignment of 

A number of observations can be made about the spectra: 1) The peaks are 

3) There are a number of homologous series which are 
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which presents the time-dependent intensities of 5 masses associated with one 
cluster for a lignite. A s  can be seen, the temperature of evolution goes down with 
increasing molecular weight. 
the bituminous coal. A s  can be seen, the highest molecular weight corresponds to 
oxygen substituted species, while the lowest corresponds to methyl. This reduction 
in pyrolysis temperature of oxygenated species is consistent with the rank 
dependence in pyrolysis products discussed in (8) presented at this symposium. The 
highest and broadest profile corresponds to a molecular weight having the widest 
variety of contributing compounds. 

The lignite peaks are more widely separated than for 

DISCUSSION OF TAR FORMATION IN COAL AND OTHER HYDROCARBONS 

The mechanisms of tar evolution have been considered by a number of 
investigations (9-16). 
following steps: 1) Formation of tar molecules, 2 )  transport and evaporation, and 
3) possible repolymerization to form coke or char. The questions are: what is the 
source f o r  tar, how are tar molecules formed, what are the transport bottlenecks and 
what is the relationship between the formation, transport and repolymerization of 
tar molecules? The following conclusions were reached in a recent review (17). 

It is generally agreed that the process includes the 

1. For bituminous coals, lignins, and some polymers, tar molecules appear to 
be minimally disturbed fragments of the coal's organic structure. The evidence for 
this is the striking similarity between the tar and parent material which has been 
observed in elemental composition, IR spectra (see Fig. 1) and NMR spectra. 

2 .  The production of tar molecules involves bond breaking. The possibility 
that tar molecules exist in the parent material and are released through evaporation 
without any bond breaking can be ruled out on the basis of two observations. The 
first is that extractable molecules generally have a higher average molecular weight 
than tar molecules (e). 
previously formed tar has a much different temperature dependence than evolution of 
tar from coal, as discussed above. 

3 .  The variation of yield and molecular weight distribution of tar with 
pressure suggest that the transport is controlled by gas phase diffusion. An 
example of the influence of pressure on the molecular weight distribution is 
illustrated in Fig. 5 which presents FIMS data for a Pittsburgh Seam coal tar 
produced at 4 atm., and a polymer tar produced at 5 atm. The reduction of the 
average molecular weight with increasing pressure is striking (see Figs. 2a and 7c). 
Unger and Suuberg have presented similar data (E) and have argued (E) that for 
softening coals this effect and the variation of yield with pressure can be 
explained by assuming that the limitation is the diffusion away from the liquid 
surface during the evaporation process. High pressures hinder the evolution of 
heavier molecules leading to cracking or repolymerization. 

Considering the available evidence, tar formation in softening hydrocarbons may 
be viewed as a combined depolymerization and evaporation process in which the 
pyrolytic depolymerization continually reduces the weight of the molecular fragments 
through bond breaking and free radical stabilization until the fragments are small 
enough to be evaporated. 

does not appear to be the transport bottleneck. 
molecular weight of the tars from non-softening lignite and subbituminous coal 
compared to that from the softening polymer, lignin and bituminous coal, suggests 
that some other mechanism for limiting the evolution of high molecular weight 
components must exist, possibly activated diffusion in the solid as suggested by 
Gavalas et a1 (E). 

The second observation is that the evaporation of 

For non-softening coals, vaporization at the ambient pressure of the experiment 
In Figs. 2 and 3 ,  the very low 

MODELING 

A theory for the combined effects of bond breaking and vaporization has been 
developed. The theory combines random cleavage of weak bonds (similar to the 
concept used by Gavalas et a1 (15)) with transport of depolymerization fragments by 
vaporization and diffusion (1ikeUnger and Suuberg (16)) to predict product yield 
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and composition. The assumptions in this theory include: (1) the bonds between the 
monomer units in the polymer molecules are the only weak bonds and are equally 
likely to be cleaved; and ( 2 )  repolymerization to form a different chemical 
Structure is not included. 

loss due to bond breaking to form smaller oligome:s, the rate of increase due to 
formation of new oligomers from the breaking of higher molecular weight oligomers 
and the rate of loss due to evaporization. The process continues as long as 
hydrogen is available to stabilize the free radicals. 
equations over time yields the amount and molecular weight distribution of the 
vaporized products which constitutes the tar. The computations for the polymer 
(which has only one monomer) are the numbers in parenthesis on Figs. 2 and 5. 
predictions compare favorably with the second set of numbers which are the observed 
integrated intensities. The theory applied to lignin assuming 7 monomers was 
described in a recent publication (2). The theory gives reasonable results. 

Coal is more difficult to model because of the variety of monomer types and 
bond energies. 
clusters of peaks which show up consistently in the FIMS spectra. The scheme is 
outlined in Fig. 6 .  
probability for occurrence listed in column A ,  side chains (or 5 membered rings) are 
added with the probabilities in column B. Additional fused aromatic rings are added 

are added in column D. The probabilities shown are f o r  the Pittsburgh Seam coal 
FIMS in Fig. 7c. The distribution of all possible combinations (the monomer 
distribution) is illustrated in Fig. 7 a  which compares reasonably well with the peak 
clusters in Fig. 7c. The dimer distribution is obtained by adding this distribution 
(minus 2 to account for the loss of hydrogen in the dimer bridge) to a second 
monomer distribution which includes molecular weights below 100 (introduced 
artificially by taking off one fused ring). The dimers were added to the monomers 
in a ratio of 3.1. This is a departure from the above theory which predicts that 
initially all oligomers are equally likely, but this compensates for the lack of 
trimers and tetramers. The resulting distribution is then convoluted with a 
vaporization probability to produce Fig. 7b which now has the peak clusters as well 
as the smooth background. The exercise shows that the assumed simple distribution 
is a possible choice. Other possibilities may also fit, but the choice must have 
sufficient regularities to produce the observed FIMS peaks. 

The lignite molecular weight distribution is clearly controlled by processes 
other than vaporization as indicated by the lack of appreciable molecules above 200. 
Lignite is a non-softening solid. The rigid cross-linked nature of the molecular 
structure provides several possible explanations: (1) the cross-link density is so 
high and the available hydrogen for stabilization so low that there are very few 
dimers and trimers which can be released; ( 2 )  the rigid structure sterically hinders 
the escape of large molecules; ( 3 )  the rigid structure creates high pressures in the 
pores which hinders the escape of large molecules. These possibilities are 
currently under investigation. 

\ 

For any oligomer (i) with molecular weight M .  the theory computes the rate of 

Integrating the rate 

The 

We have attempted to get a monomer distribution by fitting the 

7 Starting with three basic single ring compounds with the 

with the probabilities in column C and additional hydrogens to saturate the rings 1 ,  

J 

CONCLUSIONS 

1. Pyrolysis tars for a number of different hydrocarbons including softening coal, 
lignin and model polymers appear to be minimally disturbed fragments from the parent 
hydrocarbons. 2 .  FIMS spectra are useful in providing unfragmentated molecular 
weight distributions for tar. The spectra for coals are remarkably regular. All 
spectra have the same series of peak clusters. Rank variations show up as 
variations in the intensity of the peak clusters and in the amount and width of a 
smooth background. 3 .  The spectra of the simplest compounds (lignin and a model 
polymer) can be modeled by a theory which combines random cleavage of weak bonds to 
form oligomers which are small enough to vaporize. The theory predicts the correct 
trends for softening coals but not for lignite and low rank coals. 4 .  A 
speculative scheme for matching FIMS spectra of coals with an assumed monomer 
distribution appears to give reasonable results. 

I 
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Figure 5 .  FIMS Spectra of two Hydrocarbon Tars Produced a t  Elevated Pressure.  
Spectra f o r  Tars from the same Hydrocarbon produced in Vacuum are presented i n  
Figs .  2a and 7c.  
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Grand F o r k s ,  North Dakota 58202 

I n t r o d u c t i o n  

The s t r u c t u r a l  c h a r a c t e r i s t i c s  of low-rank c o a l s  and s e p a r a t e d  l i t h o t y p e s  were 
examined by s e v e r a l  t e c h n i q u e s .  The b u l k  of t h e  work was accomplished w i t h  p re s su re  
d i f f e r e n t i a l  scanning c a l o r i m e t r y  (PDSC). Supplemental  i n fo rma t ion  r ega rd ing  func- 
t i o n a l  groups was gene ra t ed  by e l e c t r o n  spec t roscopy  f o r  chemical  a n a l y s i s  (ESCA) 
and i n f r a r e d  s p e c t r o s c o p y  ( I R ) .  A r o m a t i c i t i e s  were c a l c u l a t e d  from t h e  PDSC thermo- 
gram by a peak h e i g h t  r a t i o  method which has  been used i n  t h e  p a s t  on whole c o a l s ,  
o rgan ic  compounds, and polymers  (1, 2 ) .  A r o m a t i c i t i e s  were determined f o r  whole 
coa ls  and s e p a r a t e d  l i t h o t y p e s  ( f u s a i n ,  d u r a i n ,  and v i t r a i n ) .  The f u s a i n  i s  t h e  
most a romat i c  of t h e  l i t h o t y p e s ,  w i t h  a r o m a t i c i t i e s  ranging from 0.67 t o  0.80. 
C a l c u l a t i o n s  made us ing  t h e  p r o p o r t i o n s  o f  each  l i t h o t y p e  p r e s e n t  i n  t h e  c o a l  d e t e r -  
mined a weighted a r o m a t i c i t y  which co r re sponds  ve ry  c l o s e l y  t o  a r o m a t i c i t y  on t h e  
whole c o a l .  ESCA was used t o  examine t h e  ca rbon  Is peak f o r  whole c o a l  and Litho- 
types .  C o r r e l a t i o n s  were made between t h e  r e l a t i v e  abundances of C-C,  C=O, and C-0 
bond t y p e s  and c o a l  l i t h o t y p e .  In n e a r l y  a l l  c a s e s ,  f u s a i n  had t h e  l a r g e s t  r a t i o  of 
C-C bonds. The s p e c t r a l  modes i n  t h e  i n f r a r e d  which showed s i g n i f i c a n t  d i f f e r e n c e s  
w i t h  l i t h o t y p e  i n c l u d e  C=O and C-H s t r e t c h i n g .  

Methods and Procedures  

F i v e  low-rank c o a l s  and a s s o c i a t e d  l i t h o t y p e s  l i s t e d  i n  Table  1 were ob ta ined  from 
mines i n  t h e  F o r t  Union and Powder R ive r  r e g i o n s .  The whole c o a l s  o r i g i n a t e d  from 
channel  samples r e p r e s e n t i n g  one v e r t i c a l  s e c t i o n  o f  t h e  mine. L i tho types  were 
s e p a r a t e d  from samples t aken  n e a r  t h e  l o c a t i o n  o f  t h e  channe l .  The l i t h o t y p e s  were 
s e p a r a t e d  i n t o  t h r e e  b a s i c  t y p e s  based on megascopic d i f f e r e n c e s .  The v i t r a i n  i s  a 
v e r y  h a r d ,  v i t r e o u s  l i t h o t y p e .  Durain h a s  a d u l l ,  woody appearance and i s  s o f t  
compared t o  v i t r a i n .  The f u s a i n  i s  c h a r c o a l - l i k e  and v e r y  f r agmen ta l .  

TABLE 1. COAL M I N E  LOCATION DESCRIPTION 

Seam - - Mine Rank County S t a t e  Region 

Beulah L i g n i t e  Mercer North Dakota F o r t  Union Beulah-Zap 
Ind ian  Head L i g n i t e  Mercer North Dakota F o r t  Union Beulah-Zap 
Velva L i g n i t e  McHenry North Dakota F o r t  Union Coteau 
Glenharold L i g n i t e  Mercer North Dakota F o r t  Union Scranton 
Gascoyne L i g n i t e  Bowman North Dakota F o r t  Union Harmon 
Spr ing  Creek Subbituminous Big Horn Montana Powder Creek Die t z  

A DuPont 1090 Thermal Analyzer  system w i t h  a p r e s s u r e  DSC c e l l  was used ,  t o  d e t e r -  
mine a r o m a t i c i t y .  D e t a i l s  of t h i s  p rocedure  have been pub l i shed  e l sewhere  ( 1 ,  2). 
B r i e f l y ,  t h e  p rocedure  t o  de t e rmine  t h e  a r o m a t i c i t y  invo lves  h e r m e t i c a l l y  s e a l i n g  
between 0.5 t o  1.5 mg sample i n  an  aluminum pan wi th  a sma l l  h o l e  punched i n  t h e  
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lid; the sample is then heated linearly from 150° to 6OOOC at 20°C/min under 500 psi 
oxygen to obtain the thermogram. The aromaticity is calculated from the thermogram 
as explained in the following section. 

Samples were analyzed by transmission infrared spectrophotometry in an attempt to 
determine qualitative differences in functional groups among lithotypes. The dry 
coal spectra were obtained using KBr pellets. Appropriate amounts of coal and KBr 
were used to give a 0.4% or less coal to KBr mixture. 

ESCA was used to determine the relative amounts of carbon as C-C, carbon bonded only 
to carbon o r  hydrogen; C-0, carbon in ether o r  phenol groups; and C=O, carbon in 
carboxyl o r  carbonyl groups. Samples used for ESCA analysis consisted both of 
ground samples and whole pieces of coal. The ground samples were pulverized to pass 
a 200 mesh sieve and pressed into 12.5 nun pellets using a standard laboratory press. 
The whole pieces of coal were attached to the sample holder with double stick tape 
and metal clips. Analysis was done using a Physical Electronics model 548 ESCA 
system. The sample bell jar was maintained at 10-100 nPa. Analysis time was ap- 
proximately 30 minutes, using an analyzer pass energy of 25 eV. The x-ray beam was 
5 mm in diameter to insure a large spectral area. The spectra were corrected for 
charging by assigning the hydrocarbon C-C peak to -284.6 eV. The spectra were 
resolved into components using a curve fitting routine employing a Gaussian-Lorentz- 
ian function to separate the carbon 1s peaks ( 3 ) .  

Results and Discussion 

Aromaticities and temperatures of the peak maxima were determined for whole coals 
and lithotypes by the PDSC thermograms. The thermograms produced by the PDSC ex- 
periment of lithotypes from the Velva mine of North Dakota are shown in Figure 1. 
The apparent aromaticity, f', of these samples was found by dividing the height of 
the high-temperature peak o f  the thermogram by the sum of the heights of both peaks. 
The corrected aromaticity, fa,, was then calculated by the empirical equation f = 
0.263 + 0.868 fi (1). (Preliminary work (1) suggests that different equations for 
calculating f from f ' may be needed for different lithotypes; however, until 
further data ? s  The results 
show that fusain is the most aromatic while durain and vitrain have lesser but 
similar aromaticities. The peak temperatures of the aromatic region of the PDSC 
thermogram were measured to determine the amount of ring condensation ( 1 ) .  

Five lignites and one subbituminous coal were examined by the PDSC method. The 
results indicate that the fusain was consistently the most aromatic of the litho- 
types. The durain and vitrain of each coal were always lower, but similar to each 
other, in aromaticity. The peak temperatures and corrected aromaticities of all six 
coals and their lithotypes are summarized in Table 2. 

The temperature of the aromatic peak (high-temperature peak) is important when 
determining the number or average number of aromatic clusters in coal. Figure 2 is a 
plot of the temperature of the aromatic peak versus the number of fused rings. This 
plot was prepared from thermograms of model compounds and polymers of known struc- 
ture containing one to five fused rings. In general, most of the compounds lie 
within the band bounded by straight line rising at an angle of approximately 15 
degrees. The temperature of the aromatic peak has been plotted for a series of 
run-of-the-mine coals as a function of rank, where P is peat, L is lignite, etc. 
Most of the coals fall within the band depicted by the dashed lines with a slow 
curve upward. 

forthcaoming, the equation given above will be used.) 
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TABLE 2 .  PEAK TEMPERATURE AND AROMATICITIES OF COALS 

Sample 
D e s c r i p t i o n  

Beulah (whole) 
B-12 F u s a i n  
B-12 Durain  
B-12 V i t r a i n  

Indian  Head (whole) 
IH-I F u s a i n  
IH-4 Dura in  
IH-4 V i t r a i n  

Velva (whole) 
V-5 F u s a i n  
V-5 Durain 
V-5 V i t r a i n  

Glenharold (whole) 
GH Fusa in  
GH Durain 
GH V i t r a i n  

Gascoyne Blue (whole) 
GB Fusa in  
G B  Durain 
GB V i t r a i n  

Spr ing  Creek 
SP Fusa in  
SP Durain 
SP V i t r a i n  

Peak Tempera tures ,  O C  

275 
290 
280 
295 

275 
280 
275 
280 

285 
300 

280 

280 
270 
275 
275 

280 

380 
290 
290 
285 

297 
285 
285 

375 
390 
365 
375 

360 
390 
360 
380 

350 
375 
355 
360 

350 
350 
345 
345 

380 
395 
390 
390 

400 
400 
400 

Correc ted  
Aromat ic i ty ,  f 

t 

0.66 
0.88 
0.66 
0.65 

0.68 
0.77 
0 .71  
0 .71  

0.70 
0.86 
0.65 
0.66 

0.63 
0.67 
0.62 
0.63 

0.57 

0.71 
0 .54  

0.78 

0.77 
0 .69  
0.74 

The amount of  r i n g  condensa t ion  observed  by t h e  p o s i t i o n  of  t h e  a r o m a t i c  peak i n  t h e  
thermograms can h e  de te rmined  by comparison t o  F i g u r e  2 .  The e x t e n t  of  r i n g  con- 
d e n s a t i o n  was determined f o r  l i t h o t y p e s .  The r e s u l t s  s u g g e s t  t h a t  f u s a i n  ranges  
from 21 t o  3% r i n g  c l u s t e r s ,  d u r a i n  ranges  from 1 t o  3% r i n g  c l u s t e r s ,  and v i t r a i n  
ranges  from 1 t o  3%. The a v e r a g e  r i n g  condensati .on f o r  t h e  composite samples ranges  
from 1% t o  2%. I f  v i t r a i n  and d u r a i n  a r e  c o n s i d e r e d  t o  be der ived  from p l a n t  mater- 
i a l s  w i t h  l i t t l e  chemica l  a l t e r a t i o n  r e l a t i v e  t o  f u s a i n ,  it i s  reasonable  t o  e x p e c t  
low v a l u e s  of  r i n g  c o n d e n s a t i o n .  L i g n i n  would have a r i n g  condensa t ion  number of  1 ,  
s i n c e  t h e  l i g n i n  s t r u c t u r e  i s  b a s e d  on phenylpropane m o i e t i e s .  The more extreme 
thermal  c o n d i t i o n s  which may have l e d  t o  t h e  format ion  of f u s a i n  would r e s u l t  i n  a 
g r e a t e r  a romat iza t i .on ,  c r o s s - l i n k i n g ,  and condensa t ion  of  r i n g s .  

The approximate amounts of l i t h o t y p e s  i n  t h e  c o a l s  s t u d i e d  averaged 5% f u s a i n ,  40% 
d u r a i n ,  and 45% v i t r a i n .  The e x p e r i m e n t a l  a r o m a t i c i t i e s  of  t h e  composite c o a l s  
a g r e e  w i t h  v a l u e s  c a l c u l a t e d  from weighed a r o m a t i c i t i e s  a s  shown i n  Table  3 .  

An example of  an ESCA spec t rum,  f o r  t h e  carbon 1s r e g i o n ,  i s  shown i n  F i g u r e  3 .  The 
spectrum i s  r e s o l v e d  i.nto s e p a r a t e  p e a k s  a s s i g n e d  t o  t h e  C-0, C=O,  and C-C bond 
t y p e s .  The peak ass ignments  a r e  b a s e d  on ana1.ogy t o  model polymers,  p a r t i c u l a r l y  
p o l y e t h y l e n e  t e r e p h t h a l a t e  ( 3 ) .  The C-C peak was c o r r e c t e d  t o  -284.6 eV t o  account  
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TABLE 3 .  CALCULATED VERSUS EXPERIMENTAL AROMATICITIES 

Corrected Aromaticity 
of Lithotype 

Coal Fusain Durain Vitrain 

Beulah 0.80  0 . 6 6  0.65 
Indian Head 0.77 0 .71  0 .71  
Velva 0.86 0.65 0 .66  
Glenharold 0.67 0.62 0 .63  
Gascoyne Blue 0.78  0 .71  0 .54  

Calculated 
Aromaticity 
For Whole Coal 

0 . 6 6  
0 .71  
0.66 
0 .63  
0 .64  

Calculated 
Aromaticity 

For Whole Coal 

0 .66  
0 .68  
0 .70  
0 .63  
0 .57  

for the effects of sample charging. The ratios of individual peak intensities to 
the total intensity in the carbon is region are summarized in Table 4 for Beulah and 
Gascoyne lignites and their lithotypes. (The ratios of peak intensities to total 
intensities are shown because, for a series of experiments, the total intensity will 
vary from sample to sample depending on such factors as duration of the experiment 
and whether the sample is a chip o r  powder.) The relatively high concentration of 
C-C bonds in fusain as determined by ESCA is in agreement with the relatively high 
aromaticities of this lithotype determined by PDSC. The high aromaticity, reduced 
levels of oxygen functional groups, and the high proportion of oxidized (ie, C=O) 
functional groups among those remaining in fusain are all consistent with the con- 
cept that fusain has been exposed to severe thermal conditions at some point in the 
coalification process. The ratios of bond types for the composite sample of Beulah 
lignite are 0.37 for C=O/C-0 and 0.09 for C=O/C-C; these agree fairly well with 
previously published values of 0 .44  and 0.12  from ESCA examination of a different 
sample of Beulah lignite ( 3 ) .  However, as we have discussed elsewhere (3 )  it is 
desirable to incorporate data from several techniques or instruments before attempt- 
ing to draw structural inferences. 

TABLE 4 .  C=O, C-0, and C-C RATIOS DETERMINED FOR ESCA CARBON 1s SPECTRUM 

- Coal c=o c-0 c-c - __ 

Gascoyne (whole) 
Fusain 
Durain 
Vitrain 

Beulah (whole) 
Fusain 
Durain 
Vi t ra in 

0.03  
0.07 
0 .04  
0 . 0 4  

0.07 
0 .09  
0.05 
0 . 0  

0.19 
0 .03  
0.15 
0 .10  

0 .19  
0 .05  
0 . 1 6  
0.21 

0 . 7 8  
0 .90  
0 .81  
0 .86  

0 .74  
0.86 
0.79 
0 .88  

The infrared spectra for the Beulah coal and lithotypes are shown in part in Figure 
4 .  The intensity of the aliphatic C-H stretches for jurain is much greater than 
that of fusain and the whole coal. The peak at 1700 cm is most pronounced in the 
fusain spectra and appears as shoulders in the others. This peak may be assigned to 
carbonyl (C=O) stretching. The ESCA data indicates a higher concentration of C=O 
for fusain, providing qualitative agreement between the ESCA and IR data. 
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Conclusions 

PDSC a n a l y s i s  of l i t h o t y p e  samples  has  shown t h a t  f u s a i n  i s  i n v a r i a b l y  t h e  most 
a romat ic  of  t h e  l i t h o t y p e s  of  t h e s e  low-rank c o a l s .  Dura in  and v i t r a i n  have usua l ly  
shown a r o m a t i c i t i e s  s i m i l a r  t o  each  o t h e r  and s i g n i f i c a n t l y  lower t h a n  f u s a i n .  I t  
has been shown t h a t  e x p e r i m e n t a l  v a l u e s  o b t a i n e d  f o r  t h e  l i t h o t y p e s  could  be weight- 
e d  a c c o r d i n g  t o  t h e  approximate  p e r c e n t a g e  o f  each  l i t h o t y p e  i n  t h e  c o a l ,  and a 
va lue  f o r  t h e  whole c o a l  c o u l d  be c a l c u l a t e d  which compared q u i t e  w e l l  w i t h  the  
a c t u a l ,  e x p e r i m e n t a l  v a l u e .  T h i s  c o r r e l a t i o n  was e s p e c i a l l y  s i g n i f i c a n t  when aro- 
m a t i c i t y  v a l u e s  were used .  

The c o r r e l a t i o n s  noted  between t h e  PDSC, ESCA, and I R  i n c l u d e  a r o m a t i c i t i e s  and 
f u n c t i o n a l  group a n a l y s i s .  The a r o m a t i c i t i e s  determined by PDSC a r e  supported by 
t h e  ESCA C-C r a t i o ,  where i n  most c a s e s  f u s a i n  i s  t h e  most a r o m a t i c .  The unique 
f e a t u r e s  of t h e  PDSC thermograms f o r  v i t r a i n  a r e  s u p p o r t e d  by ESCA d a t a .  For 
example,  t h e  s h o u l d e r  peak a t  4OOOC i s  an  i n d i c a t i o n  of ' i n c r e a s e d  a romat iza t ion .  
The C-C r a t i o  from t h e  ESCA s p e c t r a  of  v i t r a i n  i s  n e a r l y  a s  h i g h  a s  t h a t  of fusa in  
b u t  i n  t h e  Beulah t h e  v i t r a i n  C-C r a t i o  was g r e a t e r .  The a l i p h a t i c  n a t u r e  of dura in  
i s  shown by t h e  a l i p h a t i c  C-H s t r e t c h i n g  i n  t h e  i n f r a r e d  s p e c t r a  b e i n g  r e l a t i v e l y  
g r e a t e r  t h a n  i n  t h e  s p e c t r a  o f  t h e  o t h e r  l i t h o t y p e s .  High amounts of  carboxyl 
c o n t e n t  (C=O), suppor ted  by b o t h  ESCA and I R  e v i d e n c e ,  was c h a r a c t e r i s t i c  of  f u s a i n .  

The s t r u c t u r a l  r e l a t i o n s h i p s  of  low-rank c o a l s  and a s s o c i a t e d  l i t h o t y p e s  determined 
by  ESCA, PDSC, and I R  p r o v i d e s  a means of  examining c o a l  a r o m a t i c i t i e s  and func- 
t i o n a l  groups .  The t e c h n i q u e s  a r e  r e l a t i v e l y  f a s t  and h e l p  p r o v i d e  i n s i g h t  i n t o  the  
molecular  " s t r u c t u r e "  o f  low-rank c o a l s .  
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FIGURE 1. PDSC thermograms of lithotypes from the Velva, North Dakota mine 

S RlffiS 
P L 5 B A M N U  

FIGURE 2. Temperature of aromatic peak as a function of number of fused rings for 
pure compounds (circular points; trend shown by band outlined with solid 
straight lines) or as a function of rank (square points; trend shown by 
band outlined with dashed curving lines) (1). 
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I '  

FIGURE 3 .  ESCA carbon 1s s p e c t r a  o f  Gascoyne v i t r a i n .  

I 

FIGURE 4 .  I R  s p e c t r a  of Beulah c o a l  and l i t h o t y p e s .  
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Because o f  t h e  he t e rogeneous ,  multicomponent n a t u r e  o f  c o a l ,  much s t r u c t u r a l  
a n a l y s i s  work h a s  been channe l l ed  towards t h e  d e t e r m i n a t i o n  of pa rame te r s  t h a t  
can be used to d e s c r i b e  "average" s t r u c t u r e s .  I n  p r i n c i p l e ,  FT-ir  measurements 
can be used t o  q u a n t i t a t i v e l y  de t e rmine  t a l i p h a t i c  CH,  a r o m a t i c  CH and OH 
c o n t e n t  of c o a l  (1-5),  wh i l e  s o l i d  s t a t e  "C nmr spec t roscopy  can  be used t o  
de t e rmine  t h e  r e l a t i v e  p r o p o r t i o n s  of a r o m a t i c  t o  a l i p h a t i c  carbon (6-9).  The re  
i s  much a c t i v e  r e s e a r c h  aimed a t  ex tend ing  t h e  scope  of t h e s e  t e c h n i q u e s  t o  

measurements a l o n e  a number o f  fundamental  s t r u c t u r a l  pa rame te r s  (H 
H / C  , Ha / H a l  e t c . )  can  be c a l c u l a t e d .  Furthermore,  w i t h  t h e  mezgurement o f  
0% a i i i t i o k a l  pa rame te r ,  t h e  number of methyl  groups ( a s  measured by t h e  f r a c t i o n  
of a l i p h a t i c  carbon O K  hydrogen invo lved  i n  such  g roups ) ,  i t  shou ld  be p o s s i b l e  
t o  determine t h e  d i s t r i b u t i o n  o f  a l i p h a t i c  ca rbon  ( i e .  t h e  r e l a t i v e  p r o p o r t i o n s  
of CH, CH and CH g roups )  and then  d e s c r i b e  a ' h e a n  s t r u c t u r a l  u n i t "  i n  terms of 
average a romat i c  ? i n g  s i z e  and t h e  t y p e  and d i s t r i b u t i o n  of b r i d g i n g  u n i t s  and 
s u b s t i t u e n t s .  Th i s  can  be accomplished by u s i n g  t h e  e q u a t i o n s  o r i g i n a l l y  
desc r ibed  by van Krevelen and Schyuer (10) and u t i l i z e d  by Dryden (11.12) for  
s t a t i s t i c a l  s t r u c t u r a l  a n a l y s i s .  S i m i l a r  e q u a t i o n s  were a l s o  d e r i v e d  by Brown 
and Ladner (13) i n  o r d e r  t o  u t i l i z e  t h e  d a t a  t h a t  w a s  t hen  becoming a v a i l a b l e  
from proton n.m.r .  measurements.  However, t h e r e  were a number of u n c e r t a i n t i e s  
i n  app ly ing  t h e s e  e q u a t i o n s .  Dry,&n used d a t a  from e l e m e n t a l  a n a l y s i s  t o g e t h e r  
w i th  e s t i m a t e s  of a r o m a t i c i t y  and o t h e r  pa rame te r s  ( e s .  a l i c y c l i c  hydrogen) 
t h a t  were t o  some degree  u n c e r t d i n .  An i t e r a t i v e  p rocedure  was used t o  s o l v e  
t h e  e q u a t i o n s .  The a p p l i c a t i o n  of t h e  Brown-Ladner e q u a t i o n  r e q u i r e d  a s sumpt ions  
concerning t h e  a l i p h a t i c  hydrogen-to-carbon atomic r a t i o l 3  Q u a n t i t i e s  such as 
t h i s  can  now be determined d i r e c t l y  from combined FT-ir/  C nmr measurements.  \le 
t h e r e f o r e  cons ide red  t h a t  i t  might be a r e l a t i v e l y  s t r a i g h t f o r w a r d  t a s k  t o  c a l -  
c u l a t e  mean s t r u c t u r a l  u n i t s  f o r  t h e  c o a l  samples  f o r  which we have accumulated 
s p e c t r o s c o p i c  d a t a  ( 4 , 9 ) .  And i t  is. U n f o r t u n a t e l y ,  a major  problem a r i s e s  
once we c o n s i d e r  whether  o r  no t  t h e  numbers s o  d e r i v e d  mean a n y t h i n g .  We w i l l  
show t h a t  f o r  a n  i n d i v i d u a l  c o a l  they do n o t .  The form o f  t h e  e q u a t i o n s  are 
such t h a t  e r r o r s  accumulate  d r a m a t i c a l l y  and O U T  s p e c t r o s c o p i c  measurements a r e  
i n s u f f i c i e n t l y  p r e c i s e  t o  o b t a i n  any th ing  b u t  a broad d e s c r i p t i o n  o f  t r e n d s  a s  
a f u n c t i o n  o f  rank. We w i l l  f i r s t  c o n s i d e r  t h e  d a t a  o b t a i n e d  f o r  a set of v i t r i -  
n i t e  c o n c e n t r a t e s  and s p e c i f i c a l l y  t h e  problems w i t h  t h e  FT-ir d a t a .  We w i l l  t hen  
demonstrate  how even sma l l  e r r o r s  i n  t h i s  d a t a  d r a m a t i c a l l y  a f f e c t  t h e  c a l c u l a t i o n  
of s t r u c t u r a l  pa rame te r s .  

t o  be r easonab le  p r e c i s i o n  by l5t nmr u s i n g  c r o s s - p o l a r i z a t i o n  and magic a n g l e  
sp inn ing .  I t  i s  p robab ly  more a c c u r a t e  t o  say  t h a t  most f u e l  s c i e n t i s t s  are 
comfor t ab le  w i t h  t h e  v a l u e s  of f so d e r i v e d ,  because  t h e r e  are a number o f  s o u r c e s  

' a l l o w  t h e  measurement o f  a d d i t i o n a l  f u n c t i o n a l i t i e s .  N e v e r t h e l e s s ,  w i t h  t h e s e  

"ar' 

2 

The f r a c t i o n  a r o m a t i c i t y ,  , can now b e  determined w i t h  what is cons ide red  
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of p o s s i b l e  e r r o r  and t h e s e  a r e  not  e a s i l y  q u a n t i f i e d .  For t h e  s a k e  of t h e  
arguments  w e  wish $0 make h e r e  we w i l l  assume ( o p t i m i s t i c a l l y )  that t h e  v a l u e s  
o f  f a r e  good t o  - 5%. 
( 9 )  i r e  combined wi th  more r e c e n t  measurements of a d d i t i o n a l  samples  by Mar t ze l  
and Koenig (14) and Pugmire and  Grant  (15) i n  f i g u r e  1. There is some s c a t t e r ,  

Va lues  of f a  f o r  a s e t  o f  v i t r i n i t e s  r e p o r t e d  p rev ious ly  

but  a r e a s o n a b l y  narrow band of v a l u e s  i s  a p p a r e n t .  I 

Un l ike  nmr measurements,  where t h e  r a t i o  of peak a r e a s  is e q u a l  t o  t h e  r a t i o  
of a r o m a t i c  t o  a l i p h a t i c  ca rbon ,  bands i n  t h e  i n f r a r e d  spectrum r e q u i r e  c a l i -  
b r a t i o n .  They a r e  r e l a t e d  t o  t h e  c o n c e n t r a t i o n  of t h e  a p p r o p r i a t e  f u n c t i o n a l  
group th rough  a n  a b s o r p t i o n  c o e f f i c i e n t  which i s  d i f f e r e n t  f o r  each  band. Th i s  
has l e d  t o  a l l  s o r t s  of t r o u b l e  and a v a r i e t y  of  v a l u e s  o f  a romat i c  t o  a l i p h a t i c  
hydrogen r a t i o ' s  can  b e  found s c a t t e r e d  throughout  t h e  l i t e r a t u r e .  We w i l l  n o t  
d i s c u s s  t h e  v a r i o u s  methods t h a t  can  (and have )  been used to  c a l i b r a t e  i n f r a r e d  r 

bands,  t h i s  ground is covered e l sewhere  (5) .  In terms of t h e  p o i n t s  we wish t o  
make h e r e ,  t h e  a c t u a l  v a l u e s  of tial and H a r e  t o  some degree  i r r e l e v a n t ,  as  
we w i l l  be more concerned w i t h  t h e  e f f e c t z r o f  e r r o r s  i n  t h e s e  v a l u e s  on sub- 
sequen t  c a l c u l a t i o n s  of s t r u c t u r a l  pa rame te r s .  N e v e r t h e l e s s ,  i t  is impor t an t  
and i l l u m i n a t i n g  t o  c o n s i d e r  o n e  f aCtQr  t h a t  is p robab ly  c e n t r a l  t o  many of t h e  I 

d i s c r e p a n c i e s  found i n  t h e  l i t e r a t u r e .  I f  w e  t a k e  a bi tuminous c o a l  o f ,  s ay  82% 
carbon c o n t e n t ,  we t y p i c a l l y  de t e rmine  an  a l i p h a t i c  hydrogen c o n t e n t  c l o s e  t o  4% 
and a n  a r o m a t i c  hydrogen c o n t e n t  of abou t  1%. There  are numerous e r r o r s  t h a t  
can a f f e c t  t h e s e  measurements,  b u t  t h e s e  are n o t  s imply cumulat ive.  
i f  e r r o r s  i n  sample p r e p a r a t i o n ,  band a r e a s  e fc .  were of t h e  o r d e r  of -lo%, we 
might be a b l e  t o  quo te  v a l u e s  o f  4-0.4% and 1-0.1% f o r  a l i p h a t i c  and a romat i c  CH 
c o n t e n t ,  r e s p e c t i v e l y .  However, t h e  a b s o r p t i o n  c o e f f i c i e n t s  f o r  a l i p h a t i c  and 
a romat i c  CH bands a r e  p r e s e n t l y  be ing  de te rmined  by e q u a t i n g  band a r e a s  t o  
hydrogen c o n t e n t  determined from e lemen ta l  a n a l y s i s  (1,5). If a sample has  
n e g l i g i b l e  COOH c o n t e n t  w e  can  write 

I 

Fvr example, 

H = H  OH + Har + Hal (1) , 
OH' 

where H is t h e  hydrogen c o n t e n t  determined by e l e m e n t a l  a n a l y s i s ,  and H 
H and H i s  t h e  hydrogen found a s  OH, a r o m a t i c  CH and a l i p h a t i c  CH, r e s p e c t -  
i%ly .  Tfiis  can  be r e w r i t t e n  a s ;  

( H - H  ) = I  E ( 2 )  O H  a r  a r  + 'a1 'a1 
where I is t h e  i n t e n s i t y  of t h e  a p p r o p r i a t e  i n f r a r e d  band and E is a conve r s ion  

f a c t o r  ( e q u i v a l e n t  t o  t h e  r e c i p r o c a l  o f  t h e  a b s o r p t i o n  c o e f f i c i e n t  i n  a p p r o p r i a t e  
u n i t s )  r e l a t i n g  band a r e a  t o  co r re spond ing  hydrogen c o n t e n t .  T h e o r e t i c a l l y ,  
d a t a  from a s e t  of c o a l s  can be used and E and E determined g r a p h i c a l l y  (1 )  
o r  by o b t a i n i n g  numer i ca l  s o l u t i o n s  t o  t h e a $ e s u l t i $  s imul t aneous  e q u a t i o n s  ( 3 . 5 ) .  
We have r e c e n t l y  shown, hnwever, t h a t  t h e s e  e q u a t i o n s  are c l a s i c a l l y  i l l - c o n d i t i o n -  
ed  (5). I n  o t h e r  words,  a r ange  of s o l u t i o n s  g i v e s  a lmos t  e q u a l l y  a c c e p t a b l e  
answers.  
and the  v a l u e s  w e  have r e c e n t l y  come up w i t h  (5) a r e  somewhat d i f f e r e n t  t o  t h o s e  
o r i g i n a l l y  r e p o r t e d  ( 3 ) .  The key p o i n t  h e r e ,  however,  is t h a t  t h e  i l l - c o n -  
d i t i o n e d  n a t u r e  o f  t h e  e q u a t i o n s  means t h a t  t h e  v a l u e s  o f  H and H determined 
i n  t h i s  f a s h i o n  a r e  somewhat dependant .  
mining E and hence H t r a n s l a t e s  i n t o  a much l a r g e r  e r r o r  i n  H . T h i s  is 
because &e v a l u e s  of $ o b t a i n e d  from s o l u t i o n s  t o  e q u a t i o n  2 w?fl be a d j u s t e d  
t o  account  f o r  8 s  much gf  t h e  hydrogen a s  p o s s i b l e .  +Accordingly,  i f  Hal i s  c a l -  
c u l a t e d  t o  be 4-0.4%. H w i l l  be c a l c u l a t e d  to  be l-0.4%. A 10% e r r o r  i n  E 
(hence Aal) t r a n s l a t e s  % t o  a 40% e r r o r  i n  E 

We have spen t  a l o t  o f  t ime  t r y i n g  t o  p i n  down t h e  " c o r r e c t "  answer,  

In o t h e r  words,  a 86% e r r o f l i n  d e t e r -  

(and Har). As a r e s u l t ,  even  a r  - 
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though t h e  v a l u e s  o f  t h e  a b s o r p t i o n  c o e f f i c i e n t s  we have r e c e n t l y  determined f o r  
t h e  a l i p h a t i c  CH s t r e t c h i n g  modes (5 )  a r e  n o t  f a r  o f f  t h e  more r e c e n t  v a l u e s  
r epor t ed  by Solomon (2 ) .  we s t i l l  c a l c u l a t e  v a s t l y  d i f f e r e n t  v a l u e s  o f  H 

Undaunted by t h e s e  d i f f i c u l t i e s ,  we have reproduced o u r  v a l u e s  of  H 

a r lHa l .  

/ H  f o r  
a wide range o f  c o a l s  and v i t r i n i t e  c o n c e n t r a t e s  i n  f i g u r e  2. The knowlz8ge&e 
r e a d e r  w i l l  immediately r ecogn ize  t h a t  f o r  c o a l s  w i t h  a carbon c o n t e n t  o f  85% o r  
h i g h e r  t h e s e  r e s u l t s  a r e  ve ry  s i m i l a r  t o  t h o s e  r e p o r t e d  by Brown (16) more than  
twenty f i v e  y e a r s  ago. 
bottom o f  o u r  band o f  va lues .  The s c a t t e r  i n  t h e  d a t a  i s  no t  more than  we  would 
have i n t u i t i v e l y  e s t i m a t e d  o n  t h e  b a s i s  o f  c o a l  h e t e r o g e n e i t y .  
t h e s e  r e s u l t s  a r e  o b t a i n e d  by r a t i o i n g  i n f r a r e d  bands and t h u s  c a n c e l l i n g  e r r o r s  
from a number of s o u r c e s  (eg.  weighing,  i n s u f f i c i e n t  g r i n d i n g ,  improper  c o r r e c t i o n s  
f o r  moi s tu re  and mine ra l  c o n t e n t s  of t h e  c o a l ) .  When we c o n s i d e r  v a l u e s  o f  
Hal and H 
i n  t h e  p l z i s  shown i n  f i g u r e  3 f o r  t h e  v i t r i n i t e  c o n c e n t r a t e s .  
has  d i r e  consequences f o r  t h e  c a l c u l a t i o n  of s t r u c t u r a l  p a r a g e t e r s .  

For  lower rank c o a l s  Brown's r e s u l t s  f a l l  n e a r  t h e  

T h i s  is because 

s e p a r a t e l y ,  however, t h e s e  e r r o r s  r e t u r n  w i t h  a bang,  as can  be seen  
T h i s ,  u n f o r t u n a t e l y ,  

Before t u r n i n g  our a t t e n t i o n  t o  t h e  c a l c u l a t i o n  o f  t h e s e  pa rame te r s ,  w e  w i l l  
b r i e f l y  mention measurements o f  methyl gsoups by FT-ir .  
recognized gfoup f r e q u e n c i e s  f o r  methyl  groups a r e  t h e  s t r f t c h i n g  modes n e a r  2960 
and 2870 cm 
bands wi th  o t h e r  modes is s e v e r e  and even s o p h i s t i c a t e d  cu rve  r e s o l v i n g  pro- 
cedures  cannot  e n t i r e l y  s e p a r a t e  o u t  t h e  c o n t r i b u t i o n s  o f  o t h e r  f u n c t i o n a l  
groups.  When methyl  g roups  a r e  a t t a c h e d  to a romat i c  r i n g s ,  however, a weak ove r -  
t one  band appea r s  nea r  2730 cm-l (17).  
modes and t h e  p r e c i s i o n  of FT-ir  measurements i s  such t h a t  i t s  band a r e a  shou ld  
be measurable  w i t h  r e a s o n a b l e  accu racy .  
forward due t o  problems wi th  e s t a b l i s h i n g  a b a s e l i n e  i n  t h i s  r e g i o n  of a t y p i c a l  
c o a l  spectrum ( t h e  p o s i t i o n  o f  t h e  b a s e l i n e  can  d r a m a t i c a l l y  a f f e c t  t h e  
measured a r e a  of an i n f r a r e d  band).  T h i s  problem and i t s  s o l u t i o n  is d i s c u s s e d  
e l sewhere  ( 1 8 ) .  An a b s o r p t i o n  c o e f f i c i e n t  f o r  t h i s  band was determined from 
model compounds. U n s u r p r i s i n g l y ,  t h i s  c o e f f i c i e n t  d i d  not  v a r y  s i g n i f i c a n t l y  
amongst a v a r i e t y  o f  methyl  s u b s t i t u t e d  a r o m a t i c  m a t e r i a l s .  T h i s  is because  
many of t h e  methyl v i b r a t i o n a l  modes a r e  no t  s e n s i t i v e  to  t h e  s i z e  and n a t u r e  o f  
t h e  a romat i c  e n t i t y  t o  which i t  is a t t a c h e d .  W e  determined t h a t  f o r  v i t r i n i t e  
c o n c e n t r a t e s  ob ta ined  from bi tuminous c o a l s  t h e  %C found as methyl  groups a t t a c h e d  
t o  a romat i c  u n i t s  v a r i e d  between 3 and 5% (wi th  one or two o u t s i d e  t h i s  r ange ) .  

numbers a g r e e  v e r y  wel l  w i t h  t h e  t o t a l  methyl  c o n t e n t  r e c e n t l y  determined 
E:eygC nmr for some o f  t h e  same v i t r i n i t e s  by Pugmire and Gran t  (15) .  Pre- 
sumably, i n  v i t r i n i t e s  t h e r e  a r e  ve ry  few methyl  groups p r e s e n t  i n  e t h y l ,  
propyl  o r  similar u n i t s .  
a l i p h a t i c .  
a t t a c h e d  t o  a r o m a t i c  r i n g s ,  b u t  nmr a n a l y s i s  i n d i c a t e s  a t o t a l  methyl  c o n t e n t  of 
approximately 7%). 

The most e a s i l y  

and t h e  symmetric bending mode n e a r  1380 cm . The o v e r l a p  of t h e s e  

T h i s  band is  w e l l  s e p a r a t e d  from o t h e r  

The p r o c e s s  is no t  e n t i r e l y  s t r a i g h t -  

(Th i s  i s  n o t  t h e  c a s e  f o r  e x i n i t e s ,  which a r e  much more 
We aga in  de t e rmine  t h a t  approx ima te ly  4%C is t i e d  up i n  methyl  groups 

Given t h a t  w e  can  de te rmine  r easonab ly  a c c u r a t j  v a l u e s  f o r  t h e  r e l a t i v e  
p r o p o r t i o n s  o f  a l i p h a t i c  and a romat i c  carbon from C nmr, a l i p h a t i c  and a romat i c  
hydrogen from FT-ir  and methyl  group c o n c e n t r a t i o n  from e i t h e r  o r  b o t h  t echn iques ,  
what can we c a l c u l a t e  and t o  what e x t e n t  does  i t  mean a n y t h i n g ?  
permit  u s  t o  c o n s i d e r  a l l  t h e  e q u a t i o n s  u t i l i z e d  by Dryden (11,12)  and Brown and 
Ladner (13) ,  bu t  a r e l a t i v e l y  s imple  example i n d i c a t e s  t h e  problem. 
two e q u a t i o n s  can be used t o  d e s c r i b e  t h e  d i s t r i b u t i o n  o f  a l i p h a t i c  groups;  

Space does  no t  

The fo l lowing  

31 



CH3 Hal = HCH + HCH2 .I .  H 

'a1 = 'CH + 'CH2 -+ 'CH3 

The c o n c e n t r a t i o n  of hydrogen and ca rbon  y 5 e s e n t  i n  a l i p h a t i c  g roups ,  
H and C , can be de t e rmined  from FT-ir  and C nmr, r e s p e c t i v e l y .  The % 
h$rogen 2fid carbon p r e s e n t  i n  methyl  g roups ,  HGH3 and CfH3, c an  a l s o  be de- 
t e m i n e d  as d i s c u s s e d  above. T h i s  l e a v e s  two e u a t i o n s  n two unknowns. Con- 
s e q u e n t l y ,  w e  shou ld  be a b l e  t o  de t e rmine  t h e  d i s t r i b u t i o n  of a l i p h a t i c  s p e c i e s  
in  any p a r t i c u l a r  c o a l .  Cons ide r ,  however, a t y p i c a l  example. A v i t r i n i t e  
c o n c e n t r a t e  (PSMC 71, 85.2%C) wi th  f =0.73, H =3.5% and C = 3 . 6 % .  Solv ing  
e q u a t i o n s  (3) and (4 )  g i v e s  v a l u e s  of C = ?1.8% and C '137.6%. Now cons ide r  
t h e  e f f e c t s  of r e l a t i v e l y  modest  e r ro r sCH2For  example,  i f H w e  o q t i m i s t i c a l l y  
dec ide  t h a t  f is e q u a l  t o  0 .73  
determine a r znge  o f  v a l u e s  o f  C 
l i m i t s  of  t h e s e  v a l u e s .  
wh i l e  CCH f a l l s  i n  t h e  r ange  4.5% t o  16.5%! 
sma l l  e r r o r s  m u l t i p l y  t o  such  a n  e x t e n t  t h a t  i t  is n o t  p o s s i b l e  t o  d e f i n e  
s t r u c t u r a l  pa rame te r s  w i t h  any  degree  o f  p r e c i s i o n  o r  conf idence .  

0 . 2  and Hal is e q u a l  t o  3.5 - 0.2%, w e  can 
and C co r re spond ing  t o  t h e  upper  and lower 

The V a l $ %  o f  C c: now f a l l  i n  t h e  r ange  15.1% t o  2.2% 
C l e a r l y  f o r  any s i n g l e  sample even 

T h i s  s i t u a t i o n  i s  n o t  c o n f i n e d  t o  t h e  s imple  example g iven  above.  For  
example, w e  p r e v i o u s l y  ( 9 )  used  t h e  Brown-Ladner e q u a t i o n  (13)  t o  c a l c u l a t e  t h e  
a l i p h a t i c  hydrogen t o  carbon a tomic  r a t i o ,  

( 5 )  
Hal ''a1 : 

is t h e  f r a c t i o n  of t o t a l  hydrogen p r e s e n t  as  a l i p h a t i c  groups.  

f a  = [C/H - H*al/(Hal /Ca~]/C/H 

where H* 
Assuming e r r o ? f  of approx ima te ly  -5% i n  v a l u e s  of f 
a l l y  much l a r g e r  e r r o r s  were c a l c u l a t e d  i n  H t h e s e  e r r o r s  i n c r e a s i n g  pro- 
p o r t i o n a l l y  w i t h  rank.  T h i s  i s  because  H /e::cat;:ally v a r i e s  w i t h  t h e  
r e c i p r o c a l  of (1-f ), so  t h a t  e r r o r s  i n  falbecome i n c r e a s i n g l y  g i g n i f i c a q t .  
example, even & e r r o r s  i n  f 
i n  much l a r g e r  e r r o r s  i n  (l-fa)! 0.1-0.02 o r  -2O%!]. 

i t  was found t h a t  p ropor t ion -  

[For  
f o r  a h i i h  r ank  c o a l ,  s a y  0.9 -0.02 o r  -2% r e s u l t s  + 

C l e a r l y ,  t h e  a c c u r a t e  c a l c u l a t i o n  o f  s t r u c t u r a l  pa rame te r s  f o r  any s p e c i f i c  
c o a l  i s  a lmos t  p o i n t l e s s ,  g iven  t h e  p r e c i s i o n  o f  t h e  d a t a  p r e s e n t l y  a v a i l a b l e .  
Neve r the l e s s ,  broad a v e r a g e s  and  t r e n d s  as  a f u n c t i o n  of r ank  can be determined.  
I f  we t a k e  t h e  p l o t s  of f , H , H e t c .  reproduced i n  f i g u r e s  1 t h r u  3 ,  t h e n  
we  can draw l i n e s  throughatheaAata?r  A t  any p a r t i c u l a r  v a l u e  of %C w e  can then  
r e a d  o f f  t h e s e  p l o t s  v a l u e s  t h a t  r e p r e s e n t  an  "average" pa rame te r  v a l u e  f o r  c o a l s  
o f  t h a t  rank.  These a v e r a g e  v a l u e s  can  then  be used t o  c a l c u l a t e  s t r u c t u r a l  
pa rame te r s .  T h i s  p rocedure  i s  l i m i t e d  and u n s a t i s f a c t o r y ,  bu t  g iven  t h e  major 
e f f e c t s  expe r imen ta l  e r r o r s  have on t h e  d a t a ,  i t  is t h e  b e s t  w e  can d o  a t  t h i s  
t i m e .  I f  n o t h i n g  e l s e  they  show t r e n d s  a s  a f u n c t i o n  of r ank .  As an  example a 
p l o t  of t h e  d i s t r i b u t i o n  o f  a l i p h a t i c  CH g roups  is shown i n  f i g u r e  4.  
b e  seen  t h a t  t h e  p r o p o r t i o n  o f  CH2 t o  CH g roups  i n c r e a s e s  a s  a f u n c t i o n  of r a n k ,  
w h i l e  t h e  e x p e r i m e n t a l l y  de t e rmined  XC a s  CH 
c o n s t a n t .  

I t  can 

g roups  remains approx ima te ly  3 
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F igu re  1. P l o t  of  f r a c t i o n  a r o m a t i c i t y ,  f a ,  v s  %C dmmf f o r  a set of v i t r i n i t e  
c o n c e n t r a t e s .  
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Figure 2 .  P l o t  of the r a t i o  o f  aromatic t o  a l i p h a t i c  hydrogen, H 
determined f o r  a set of c o a l s  and v i t r i n i t e  concentratgS. /Hal, 

Figure 3.  P l o t  of XH i n  a l i p h a t i c  groups (top)  and %H i n  aromatic groups 
(bottom ) v s  %C dmmf f o r  a s e t  of v i t r i n i t e  concentrates .  
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Figure 4 .  Plot of distribution of aliphatic groups as a function of rank 
of a set of vitrinite concentrates. 
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INTRODUCTION 

The emergence o f  t h e  h e a v i e r  c rude  o i l s  as r e f i n e r y  feeds tocks  
has become t h e  accep ted  norm o v e r  t h e  l a s t  decade (1). It i s ,  however, a 
p r o p e r t y  o f  t h e s e  f e e d s t o c k s  t o  be r i c h  i n  aspha l tenes  (2,3,4) which a r e  
not  v e r y  amenable t o  r e f i n e r y  processes and a r e  u s u a l l y  r e s p o n s i b l e  f o r  
coke lay-down and f o r  c a t a l y s t  d e t e r i o r a t i o n  (3,4) .  

The c o n v e n t i o n a l  d e f i n i t i o n  o f  aspha l tenes  i s  based on t h e  
s o l u t i o n  p r o p e r t i e s  o f  p e t r o l e u m  r e s i d u a  i n  v a r i o u s  s o l v e n t s  (5,6,7). 
T h i s  g e n e r a l i z e d  concep t  has been extended t o  f r a c t i o n s  d e r i v e d  f rom 
o t h e r  carbonaceous sou rces ,  such as c o a l  and o i l  sha le .  Thus, t h e r e  a r e  
"pe t ro leum asp:altenes", " coa l  l i q u i !  a:phaltenes", " coa l  t a r  
aspha l tenes" ,  s h a l e  o i l  aspha l tenes  , t a r  sand b i tumen  aspha l tenes"  and 
t h e  l i k e .  W i t h  t h i s  e x t e n s i o n ,  t h e r e  has f o l l o w e d  c o n s i d e r a b l e  
s c i e n t i f i c  e f f o r t  t o  f u r t h e r  d e f i n e  aspha l tenes  i n  te rms  of m o l e c u l a r  
s t r u c t u r e s  (9,10,11). 

Never the less ,  i t  must a lways be r e c o g n i z e d  t h a t  aspha l tenes  
( f rom wha teve r  t h e  sou rce )  are,  i n  f a c t ,  a s o l u b i l i t y  c l a s s  ( F i g u r e  1) 
and t h a t  t h e  d e f i n i t i o n  i s ,  i n  f a c t ,  an o p e r a t i o n a l  one; t h a t  i s ,  
aspha l tenes  a r e  s o l u b l e  i n  benzene and i n s o l u b l e  i n  pentane. U s u a l l y ,  
f o r  v i r g i n  p e t r o l e u m  samples, t h e  res iduum i s  c o m p l e t e l y  s o l u b l e  i n  
benzene. However, w i t h  heat-soaked samples o r  coa l  d e r i v e d  l i q u i d s ,  t h e  
benzene i n s o l u b l e s  can be a p p r e c i a b l e .  

c l a s s i f i c a t i o n  of  a s p h a l t e n e s  and i n v o l v e s ,  i n i t i a l l y ,  a c o n s i d e r a t i o n  o f  
m o l e c u l a r  w e i g h t  vs. p o l a r i t y  f o r  t h e  m o l e c u l a r  t y p e s  found  i n  p e t r o l e u m  
r e s i d u a  and /o r  heavy o i l s  ( F i g u r e  2 ) .  The p o l a r i t y  s c a l e  may be i n  
d e f i n a b l e  a r b i t r a r y  u n i t s ,  such as r e l a t i v e  a d s o r p t i v e  s t r e n g t h  on a 
s o l i d ,  e.g. A t t a p u l g u s  c l a y  and /o r  s i l i c a  g e l  (15 ) ,  o r  by s o l u b i l i t y  i n  a 
v a r i e t y  of s o l v e n t s  o f  i n c r e a s i n g  p o l a r i t y  as p r a c t i c e d  on s e p a r a t i o n  o f  
coa l  l i q u i d  f r a c t i o n s  (13 ) ;  t h i s  s c a l e  i s  t h u s  a m o l e c u l a r  w e i g h t -  
independent  p o r t i o n  o f  t h e  s o l u b i l i t y  parameter .  F o r  any p a r t i c u l a r  

A more r e c e n t  concep t  (14 )  ex tends  t h e  s o l u b i l i t y  
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p r e c i p i t a t i n g  medium, say n-heptane, t h e  p r e c i p i t a t e d  aspha l tenes  w i l l ,  
t h e r e f o r e ,  c o n s i s t  o f  l e s s  p o l a r  m a t e r i a l s  o f  h i g h e r  m o l e c u l a r  w e i g h t  and 

p r e c i p i t a t i n g  agent ,  b o t h  l e s s  p o l a r  and lower  m o l e c u l a r  w e i g h t  m a t e r i a l s  
a r e  i n c l u d e d  i n  t h e  p r e c i p i t a t e  and t h e  t o t a l  amount o f  p r e c i p i t a t e  
i n c r e a s e s  (16,17). The concept  a l s o  a l l o w s  f o r  a p o l a r i t y  range  w i t h i n  
t h e  v a r i o u s  aspha l tenes  where v a r y i n g  he te roa tom ( n i t r o g e n ,  oxygen, and 
s u l f u r )  c o n t e n t s  of t h e  p e t r o l e u m  aspha l tenes  o r  v a r i a t i o n s  i n  t h e  sou rce  
(and method o f  p r e p a r a t i o n )  t h a t  would be expec ted  t o  i n f l u e n c e  p o l a r i t y  
(18,19,20). 

\ more p o l a r  m a t e r i a l s  o f  l ower  m o l e c u l a r  weight ;  w i t h  n-pentane as t h e  

\\ 

The p r e s e n t  communicat ion d e s c r i b e s  an e x t e n s i o n  t o  t h e  concept  7 o f  aspha l tene  p o l a r i t y  by t h e  d e l i n e a t i o n  o f  p e t r o l e u m  aspha l tenes  as a 
c o l l a g e  o f  f u n c t i o n a l  t y p e s  u s i n g  ion-exchange chromatography.  

\ E X P E R I M E N T A L  

1. Feedstock 

A r a b i a n  heavy c r u d e  o i l  vacuum (95OoF+) res iduum was used as 
7 t h e  feeds tock  f o r  a l l  o f  t h e s e  i n v e s t i g a t i o n s .  

2. Ion-exchange F r a c t i o n a t i o n  

ou t  u s i n g  a f e e d s t o c k / s o l i d  r a t i o  - 0.05* and t h e  p r o d u c t  f r a c t i o n s  
( F i g u r e  3) were d e s i g n a t e d  ( a )  bases; ( b )  a c i d s ;  ( c )  n e u t r a l  p o l a r s ;  
and ( d )  n e u t r a l  nonpo la rs .  

3. D e a s p h a l t i n g  

ach ieved  by m i x i n g  t h e  f r a c t i o n  w i t h  n-heptane ( 1  gm. f r a c t i o n : 4 0  m l .  
n-heptane)  a t  room t e m p e r a t u r e  f o r  16 h r .  w i t h  a g i t a t i o n .  A t  t h e  end o f  
t h i s  t ime ,  t h e  i n s o l u b l e  aspha l tenes  were separa ted  by f i l t r a t i o n  and 
washed w i t h  f r e s h  n-heptane (200 m l : 1  gm. a s p h a l t e n e s ) .  The aspha l tenes  
were " p u r i f i e d "  f r o m  adsorbed m a t e r i a l  by d i s s o l u t i o n  i n  t o l u e n e  (10 m l : 1  
gm. aspha l tenes )  and p r e c i p i t a t e d  w i t h  n-heptane (80 m l :  1 m l  t o l u e n e ) ;  
any s o l u b l e  m a t e r i a l  was recove red  and added t o  t h e  d e a s p h a l t e d  o i l .  

S e p a r a t i o n  o f  t h e  feeds tock  by ion-exchange r e s i n s  was c a r r i e d  

S e p a r a t i o n  i n t o  aspha l tene  and deaspha l ted  o i l  f r a c t i o n s  was 

3The f e e d s t o c k / r e s i n  r a t i o  was computed on t h e  b a s i s  o f  t h e  number o f  a c t i v e  
s i t e s  on t h e  r e s i n  and i s ,  t h e r e f o r e ,  s u b j e c t  t o  change and depends upon t h e  
n a t u r e  o f  t h e  r e s i n .  
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4. Genera l  Techniques 

S o l v e n t s  were removed f rom t h e  p r o d u c t s  by means o f  a Rotovap 
(6OoC/40 mn Hg.) and f i n a l  v e s t i g e s  were removed by " d r y i n g "  t h e  p roduc ts  
i n  vacuo (10OoC/20 mi Hg). 

RESULTS AM) 0 ISCUSS ION 

The a p p l i c a t i o n  o f  ch romatog raph ic  a d s o r p t i o n  t e c h n i q u e s  t o  
i n v e s t i g a t e  f u n c t i o n a l  and /o r  s t r u c t u r a l  t y p e s  i n  a s p h a l t e n e s  i s  n o t  new 
(21,22) b u t  problems o f  p r e c i s e  i d e n t i f i c a t i o n  may b e . l i m i t e d  by t h e  
i n c o m p l e t e  r e c o v e r y  o f  t h e  a s p h a l t e n e  f rom t h e  adso rben t ,  p a r t i c u l a r l y  
when t h e  f u n c t i o n a l i z e d  ion-exchange adso rben ts  a r e  employed. However, 
ion-exchange f r a c t i o n a t i o n  of  whole f e e d s t o c k s  has been c i t e d  t o  r e s u l t  
i n  an o v e r a l l  more comp le te  r e c o v e r y  o f  t h e  aspha l tenes  (23 ) .  

I n  t h e  p r e s e n t  work, it has been f o u n d  p r e f e r a b l e  t o  
f r a c t i o n a t e  t h e  whole res iduum by ion-exchange chromatography n o t  o n l y  t o  
b u i l d  up a p . i c t u r e  o f  t h e  aspha l tenes  i n  te rms  o f  f u n c t i o n a l  t y p e s  b u t  
a l s o  t o  n o t e  t h e  o v e r a l l  d i s t r i b u t i o n  o f  f u n c t i o n a l  t y p e s  i n  t h e  whole 
feeds tock  as well- nuances of t h e  d e a s p h a l t i n g  t e c h n i q u e .  

by ion-exchange chromatography produced a s e r i e s  o f  f r a c t i o n s  ( T a b l e  1 )  
o f  v a r y i n g  f u n c t i o n a l i t y  wh ich  c o u l d  a l s o  be d i f f e r e n t i a t e d  by i n f r a r e d  
spec t roscopy  ( F i g u r e  4 ) .  

a l l o w s  c r o s s - r e f e r e n c i n g  o f  t h e  two t e c h n i q u e s  b u t  a l s o  a l l o w s  t h e  
deaspha l ted  o i l  and t h e  aspha l tenes  t o  be r e p r e s e n t e d  on t h e  b a s i s  o f  t h e  
d i f f e r e n t  f u n c t i o n a l i t i e s  ( F i g u r e s  5 and 6 ) .  

Obv ious l y ,  t h e  c h e m i s t r y  and s t r u c t u r a l  f e a t u r e s  o f  p e t r o l e u m  
aspha l tenes  w i l l  be d i c t a t e d  by t h e  d i s t r i b u t i o n  o f  f u n c t i o n a l / s t r u c t u r a l  
t ypes  s e p a r a t e d  as an a r t i f a c t  o f  t h e  d e a s p h a l t i n g  techn ique .  T h i s  makes 
t h e  r e p r e s e n t a t i o n  o f  t h e  s t r u c t u r e l f u n c t i o n a l i t y  o f  t h e s e  carbonaceous 
c o n s t i t u e n t s  of  p e t r o l e u m  by "average"  s t r u c t u r e s  v e r y  d i f f i c u l t  t o  
conce ive  ( 11,18). 

a s e r i e s  o f  s t r u c t u r a l  and /o r  f u n c t i o n a l  t y p e s  t h a t  a r e  b e s t  f i t t e d  t o  
d e s c r i b e  t h e i r  c h e m i s t r y l r e a c t i v i t y .  

Thus, f r a c t i o n a t i o n  o f  A rab ian  heavy c r u d e  o i l  vacuum res iduum 

Subsequent h e p t a n e - d e a s p h a l t i n g  o f  t h e s e  f r a c t i o n s  n o t  o n l y  

Such carbonaceous m a t e r i a l s  a re ,  t h e r e f o r e ,  b e s t  r e p r e s e n t e d  by 
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Table  1: F r a c t i o n  y i e l d s  f r o m  t h e  ion-exchange chromatography o f  A rab ian  
heavy c rude  o i l  vacuum (950°F+) res iduum 

F r a c t i o n  Y i e l d  - F u n c t i o n a l  i ty  t y p e  

Bases 29.6 C u i n o l i n e  n i t r o g e n  

A c i d s  3.2 C a r b o x y l i c  a c i d s  and pheno ls  

N e u t r a l  19.4 Carbazo le  n i t r o g e n  
p o l a r  

N e u t r a l  46.5 S a t u r a t e  and a romat i c  
n o n p o l a r  hyd roca rbons  
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Figure 2: Schematic representation of asphaitene character 

Petroleum 
Bitumen 

Residuum 

LowBolling Liquid Hydro- 

Carbenes, Carbolds' Soluble6 
(Insolubles) 

Asphaitenes Deasphalted Oil 
(Insolubles) (Solubles) 

Figure 1: Schematic representation of asphaltene separation. 

.In the case 01 coal Ilqulds, these "insolublss" are alien relarred 10 as 
"Preasph8llenss'~. "asphallols", elc. baled on solublllly In solvents 
such as pyrldlna andlor qulnollns (1z.q. 
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APPLICATIONS OF X-RAY COMPUTED TOMOGRAPHY TO COAL STUDIES 

D.H. Maylot te ,  P.G. Kosky, E.J. Lamby, C.L. Spiro 

General  Electr ic  Corpora te  Research and Development 
Schenectady, N Y  I2301 

and 

A. Davis, D.F. Bensley 

Pennsylvania S t a t e  University 
University Park, PA 16802 

X-ray computed tomography (CT) is a non-destructive, non-invasive technique which 
has been applied here to studies of t h e  internal  s t ructures  of coal  and t h e  penetration of 
t racer  gas  into those s t ructures .  The C T  images a r e  2-D cross-sectional images of the  
coal  ra ther  than t h e  shadowgraphs of t radi t ional  radiography. Compared to shadowgraphs, 
t h e  CT images provide higher spa t ia l  and higher density resolution. 

T '  

,,, 

C T  images a r e  digital images of t h e  e f fec t ive  x-ray at tenuat ion coeff ic ient  for  
e lementary volumes (voxels) within t h e  sample. In these  experiments  a GE 8800 CT/T 
machine was used t o  t a k e  t h e  image  da ta ,  which were then reconstructed to product 
images with a voxel s ize  of 0.3  m m  x 0.3 mm x 1.5 mm. The C T  number for  each  voxel is 
re la ted to t h e  experimental  e f f e c t i v e  a t tenuat ion  coeff ic ient  for  t h a t  volume by the  
relationship: 

p (rnateriallE ----I - p (waterIE 
CT NO. = 1024 x I + c p (waterIEo 

where  p (mater ia l )  

t h e  at tenuat ion coeff ic ient  of w a t e r  taken under s tandard conditions. The C T  images 
were  displayed by assigning a grey  sca le  to t h e  C T  numbers. The whiter t h e  image the  
higher t h e  CT number represented  by i t  and t h e  higher t h e  e lec t r ic  density of the 
sectioned object. The d a t a  col lect ion t i m e  for  e a c h  image was nine seconds. 

is t h e  a t tenuat ion  coeff ic ient  for  t h e  unknown mater ia l ,  1-1 ( wa er  
t h e  at tenuat ion c o h f i c i e n t  of water  taken  under t h e  same conditions, and I.r(water)Eo )E;; 

The x-ray tube  for this  work w a s  operated at 120 Kev. The f i l t e red  emission is a 
Continuum covering t h e  range 20 Kev - 120 Kev, peaking at 35 Kev (Ref. 1). Over this 
energy range t h e  three  significant a t tenuat ion  mechanisms are ,  (i) photoelectr ic  absorp- 
tion, (ii) Compton scat ter ing,  and (iii) coherent  scat ter ing.  For carbonaceous mater ia ls  
t h e  dominant mechanism in this  energy range is Compton scat ter ing;  therefore ,  the  CT 
images re f lec t  t h e  electron densi ty  distribution within t h e  sample. For t h e  low atomic 
number e lements  commonly found in coal  t h e  a tomic  weight is almost twice  t h e  atomic 
number (hydrogen contr ibutes  l i t t l e  to t h e  t o t a l  e lectron density ) and therefore  t h e  
images a r e  approximately images of t h e  mass density within t h e  sample. 

Figure I shows a C T  image  of a piece of Illinois ii6 coal. The piece was c u t  from a 
larger  block which, a f t e r  mining, had been s tored in  a sealed vessel under deionized water. 
The dimensions of t h e  piece were  2.5 crn x 2.5 c m  x 10 c m  long. The long axis was cut 
parallel to t h e  bedding planes of t h e  coal. This C T  image was taken perpendicular to  t h e  
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long axis of the coal piece. The coal was pot ted in a cylinder of epoxy which was then c u t  
to expose t h e  two smaller end f a c e s  of t h e  coal  and finally O-ring sealed in a n  acry l ic  
plastic tube  ( 5  c m  I.D.). 

A sample rectangle  on t h e  coal  image has been displayed in Figure la, and a 
histogram of t h e  C T  values within t h a t  rectangle  is shown in Figure Ib. Both t h e  average  
and most probable C T  number in t h e  a r e a  was 1220. Subsequent to t h e  C T  experiments ,  
this particular piece of coal has been sectioned along t h e  plane whose s t ruc ture  was 
examined by t h e  x-ray fan beam. A microlithotype examination of t h e  exposed face 
showed tha t  t h e  predominant mater ia l  in t h e  region covered by t h e  sample rec tangle  is 
vitrain. A number of bituminous coals  have been examined by C?’ and, a f t e r  sectioning, 
petrographically. C T  numbers in t h e  range 1210-1250 a r e  t h e  most  commonly occurr ing 
numbers in these coals. This assignment of a C T  number of c i r c a  1210 to vitrain is also 
justified on theoret ical  grounds. 

The C T  number for a particular mater ia l  can  be calculated when t h e  following 
system character is t ics  a r e  known, (a) t h e  emission spec t ra  for  t h e  f i l tered source,  (b) t h e  
elemental  composition and number density of t h e  mater ia l  being examined, (c) t h e  
wavelength sensitivity and eff ic iency of t h e  detect ion system. The results of such  a 
calculation for  a number of s tandard mater ia ls ,  minerals and for coal  a r e  given in Table  1. 

Material C T  (Calc.) C T  (Obs.) 

Coal ( c ~ ~ H ~ ~ o ~ s  N I 1 I254 - 1220 

Kaolin (AI 4Si40 I O(OH)g) 3096 3078 
Teflon C2F4 2106 2050 
Calc i te  C a C 0 3  4521 ’ 4096 
Dolomite CaMg(CO3I2 3924 3900-4096 
Water H 2 0  (standard) 1024 

TABLE I: Calculated and Actual C T  Numbers for  Coal  and Minerals 

The calculation of t h e  theoret i fa l  C T  value for coal  assumed the  formula given in 
Table I and a density of 1.3 g.crn- . The calculated C T  number is not  significantly 
a f f e c t e d  by t h e  formula chosen to represent  coal  within t h e  reasonable l imits  of the  
formulas  for t h e  three  major macera l  groups, Le., v i t r ini te ,  exini te ,  and iner t ini te  (2). 
However, t h e  C T  number is direct ly  a f fec ted  by t h e  density chosen for the  coal. This 
insensitivity of C T  number to t h e  formula of a hydrocarbonaceous mater ia l  and i t s  
sensitivity t o  t h e  density is demonstrated in Figure 2. In t h e  density range around 1.3 
g /cc  t h e  density sensitivity of t h e  technique is I 1  C T  numbers for  a 1% density change. 
For a uniform mater ia l  t h e  s tandard derivation of t h e  C T  numbers is 2 2. he different  
maceral  groups in coal have different  densities in  t h e  range 1.1 to 1.6 g /cm (2), and t h e  
C T  image has enough density resolution to distinguish between them. However, t h e  
normal s ize  range of many individual coal  macerals  is  below t h e  spat ia l  resolution of t h e  
C T  equipment being used in this  work. In t h e  present  experiments ,  a C T  voxel represents  
a volumetric average of t h e  densities of t h e  macerals  contained within it. 

T 
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In t h e  case of kaolin t h e  CT number for  t h e  bulk sample re f lec ts  t h e  porosity of the 
kaolin as well a s  t h e  C T  number a t t r ibu tab le  to t h e  mineral itself. The kaolin sample was 
therefore  pot ted  in a low viscosity epoxy resin which penet ra ted  t h e  outer  layers of the  
sample (Figure 3). The C T  number for  t h e  kaolin mineral  and t h e  void f rac t ion  within t h e  
kaolin can then  be  calculated f r o m  t h e  relationships: 

CTtotal(l) = E x C T  epoxy + ( I -  E ) CTkaolin 

CTtotal(2) J: E x (CT # of air  = 0) t ( I -  E )  CTkaolin 

where E is t h e  void f rac t ion  in t h e  mineral. The Equation 1) was evaluated for  a region 
where epoxy had penet ra ted  t h e  kaolin and Equation 2) was evaluated for  a region inside 
t h e  kaolin where  t h e  epoxy has  n o t  pene t ra ted  and a i r  f i l ls  t h e  spaces  between t h e  kaolin 
grains. The C T  number f o r  t h e  cured epoxy was taken f rom t h e  region outside of the 
mineral. The C T  number f o r  kaolin as obtained in this  calculation is given in Table 1 and 
t h e  void f rac t ion  in t h e  bulk mineral  was found to be 38%. 

The resul ts  of Table 1 show t h a t  if a region of coal  has a C T  number above 1300 but 
less than  3100 then i t  is contaminated  with a varying proportion of mineral m a t t e r ,  and if 
t h e  C T  number is g rea te r  than  3100 then i t  is contaminated with high a tomic  number 
minerals (e.& ca lc i te  or pyrite). If t h e  C T  number is between 1100 and IC00 then the 
a r e a  is essentially organic, while if i t  is below 1000 then t h e  a r e a  contains  an unusally 
large component  of voids. 

The C T  number for a par t icular  volume of t h e  imaging space is  a f fec ted  by the  
amount and density of t h e  coa l  present ,  t h e  minerals present ,  and the  void space in tha t  
volume. Because of t h e  large C T  numbers  associated with t h e  mineral m a t t e r  (Table 2), 
t h e  mineral conten t  of t h e  C T  volume would be  expec ted  to have a large e f f e c t  upon the  
C T  image. 

Figure 4 shows the  s a m e  CT image  as in Figure la, but this  t ime a re ference  line has 
been drawn over t h e  image  and t h e  C T  numbers plot ted along t h a t  line. The white  a rea  at 
t h e  bottom l e f t  of t h e  image corresponds to t h e  peak in C T  number on t h e  left-hand side 
of t h e  graph. 

After  t h e  C T  experiments  had been completed, and t h e  coal  sect ioned along t h e  CT 
image plane, au tomated  x-ray microprobe measurements  were  made along t h e  same 
region as t h e  line in t h e  C T  image. The a r e a  of t h e  microprobe beam was 50 p m  x 50 p m  
with an expec ted  penetrat ion of ca 1 pm. The e lements  scanned in t h e  microprobe were 
Si, AI, S, Fe, Mg, Na, K ,  Ca.  The observed weight percents  for t h e  e lements  were totalled 
and plotted against  dis tance (Figure 5). The au tomated  microprobe measurements  a r e  in a 
f iner  grid than t h e  C T  data .  If converted to t h e  same grid s ize  as t h e  CT,  then peaks in 
t h e  microprobe s p e c t r a  would appear  shor te r  and broader. There does appear  to  be a first 
order  correlation between t h e  mineral  m a t t e r  in t h e  coal  and t h e  variation in density of 
t h e  C T  image. C T  images of raw coal  can  be regarded therefore  as maps of the  mineral 
distribution within t h e  coal. A fur ther  distinction into minerals of e lements  with high 
a tomic  number (e.&, pyri te)  and minerals  with only low a tomic  number minerals (e+, 
illite) may also be possible using images taken with different  x-ray energies. 

The porosity within this  par t icular  coal sample was examined by following the  
penetrat ion of xenon gas  in to  t h e  sample  at room tempera ture  (27OC). Xenon was chosen 
because of i t s  relatively, iner t  na ture  and  becase i t  has a s t rong x-ray K-absorption edge 
at 35 Kev, i.e., at t h e  peak of t h e  spec t rum from t h e  x-ray tube. The presence of xenon 
should therefore  be  de tec tab le  against  t h e  coal  background. The penetrat ion of xenon gas 
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into t h e  coal  was carr ied out by exposing one end face of t h e  coa l  parallelepiped to  a 
pressure of xenon (1130 torr)  and monitoring t h e  gas  exiting t h e  opposite face by following 
t h e  pressure rise in a closed system of known volume. The penetrat ion of gas  within t h e  
coal  was monitored, (a) with t h e  coal  containing i ts  equilibrium moisture ,  (b) a f t e r  t h e  
coal had been dried a t  80°C for  t w o  weeks. The bulk gas  flow through t h e  coal was much 
fas te r  in case  (b) than in (a). Af te r  about  3.5 hours t h e  pressure on  both sides of t h e  coal  
had equalized in case  (b). Images f rom t h e  second ser ies  of experiments  a r e  more  
indicat ive of t h e  porosity within t h e  coal and t h r e e  images f rom these  experiments  a r e  
shown in Figure 6. These images were obtained by subtract ing t h e  digital image of t h e  
evacuated  coal from t h e  digital images taken  while t h e  xenon was penetrat ing in to  t h e  
coal. The  resulting difference image is a map of xenon penetrat ion.  The  images clearly 
show t h e  non-uniform nature  of t h e  penetrat ion of t h e  xenon i n t o  t h e  coal. The lighter 
a reas  in t h e  image a r e  t h e  a reas  into which t h e  xenon has preferent ia l ly  penetrated.  The 
plane of t h e  C T  image was s i tuated about I5 mm in t h e  coal  block from t h e  high pressure 
end. The presence of xenon in this  plane was de tec ted  in t h e  f i r s t  image  taken of this 
plane a f t e r  t h e  xenon had been introduced into t h e  high pressure chamber  ( t ime elapsed 
was eight  minutes). The major fea tures  of t h e  pa t te rn  were  s t reaks  of xenon parallel to 
t h e  bedding planes of t h e  coal. Over t h e  duration of the  experiment  these  fea tures  grew 
in intensity and broadened out. This behavior suggested t h a t  t h e  xenon penetrated into 
this  plane by a network of f ine  cracks. The c racks  that are interconnected and give 
access  to t h e  xenon reservoir appear  to be primarily or iented parallel to t h e  bedding 
planes of this piece of coal  and many a r e  associated with t h e  mineral-rich regions of t h e  
coal. In these cracks, t h e  xenon pressure rapidly reached t h e  reservoir pressure, but 
because the  cracks a r e  very f ine on t h e  sca le  of t h e  C T  resolution, t h e  actual  amount  of 
xenon introduced into a voxel even when t h e  c rack  had reached reservoir pressure was 
still qui te  small and so t h e  C T  signal in t h e  difference image was small. As t h e  xenon 
diffused into t h e  coal  away from t h e  c rack  more xenon was introduced into t h e  voxel 
containing t h e  crack,  and into neighboring voxels and consequently, t h e  numbers on the  
difference image increas  ed. 

Figure 7 shows a composite plot of t h e  C T  numbers a long t h e  line drawn on t h e  
difference images of Figure 6.  For t h e  d a t a  a long each  line, t h e  curve has been 
normalized to i t s  maximum value. The plot i l lustrates  t h e  spreading of t h e  xenon into t h e  
neighboring coal  f rom a source apparent ly  s i tuated c a  2.5 mm from t h e  arbi t rary origin. 
I t  may be possible to  analyze these curves in t e r m s  of a diffusion parameter  which 
depends upon t h e  C T  number of t h e  original coal. 

A calibration graph of C T  number against xenon pressure is given in Figure 8. This 
shows t h a t  if t h e  xenon pressure at t h e  high pressure inlet  was 1130 torr ,  then t h e  
maximum observable C T  number increase within an image of t h e  coal  should be 263, 
provided t h a t  all t h e  xenon remained in t h e  gas phase within t h e  coal. In fact, C T  
numbers much grea te r  than t h e  gas  phase maximum a r e  observed within t h e  C T  difference 
image  (Figure 6). This is probably caused by t h e  xenon being present  within t h e  coal  both 
as a gas phase species and as adsorbed species. 

In t h e  final image used in Figure 6, t h e  maximum C T  value along t h e  line had risen 
to 2171, or over e ight  t imes  t h e  maximum possible f rom solely gas  phase psorp t ion .  On 
t h e  assumptions t h a t  t h e  occupied sur face  a r e a  for  a xenon a tom is 22 (A) ( 3 )  and a coal 
mater ia l  density of 1.3 g/cm , then  th? apparent  surface a r e a  in a region with a xenon 
difference C T  number of 2171 is 51 m /g. Using a BET apparatus ,  a room temperature  
xenon absorption measurfment  on a micronized sample of coal  f rom t h e  s a m e  batch gave 
a sur face  a r e a  of 44 m /g. The final image of xenon penetrat ion into t h e  coal  could 
therefore  be  regarded as a sur face  a r e a  image for  t h e  coal. This information should be 
useful in fu ture  studies on t h e  react ivi ty  of coal. 
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The pr imary interest  in t h e  C T  technique is in making use of i t s  non-invasive nature 
for  in situ studies of coal  combustion and gasification. The preliminary studies discussed 
here will provide a basis for understanding t h e  images obtained from more complex 
experiments. 
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Figure la .  CT Image of Encapsulated Illinois 
#6 Coal 
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Figure 3. CT Image of Kaolin Sample 
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Figure 4a. CT Image of Illinois #6 Coal 
With a Line Drawn on the image 

Figure 4b. CT Numbers Along the Line 
Drawn in Figure 4a 
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EFFECTS OF COAL PREOXIDATION AND HEAT TREATMENT CONJIITIONS 
ON RESULTING CHAR STRUCTURE OF CAKING COAL 

D. J. Maloney: and R. G. Jenkins 

Department of Materials Science and Engineering 
The Pennsylvania State University, University Park, Pennsylvania, 16802 

Introduction 

When most bituminous coals are heated in the absence of air, they soften (i.e., become 
fluid), agglomerate, and, as gases and vapors are evolved, swell to form a coke. These 
properties can limit the utilization potential of certain coals because agglomerates can 
impede gas flow leading to poor mixing in reactors and, in the extreme case, eventual 
plugging. In addition, coals which pass through a plastic stage produce relatively 
unreactive chars (1,Z). These factors can add substantially to the cost of a gasifi- 
cation process. 

Coal agglomerating tendencies can be eliminated by mild oxidation of the raw coal prior 
to heat treatment. This method is very effective in removing the swelling and soften- 
ing characteristics of caking coals (3). Also, under certain carbonization conditions, 
preoxidation can significantly enhance the subsequent reactivity of the resulting 
chars (2). 

Recent studies at the Pennsylvania State University have been directed at understand- 
ing the effects of preoxidation on coal utilization potential under conditions of  inter- 
est for entrained-flow gasification and pulverized coal combustion (rapid heating rate, 
short residence time). Studies were conducted on an eastern bituminous coal in an 
effort to evaluate the effects of preoxidation on devolatilization behavior (yield and 
kinetics), coal swelling and agglomerating tendencies, and resulting char structure and 
reactivity ( 4 ) .  This paper describes the changes in char structural features resulting 
from coal preoxidation and examines the relationship between char structure and subse- 
quent gasification potential. 

Experimental 

The chars examined in this study were prepared from freshly mined and preoxidized 
samples of a strongly caking bituminous coal under widely varying pyrolysis conditions 
(heating rate and time). 
the Pittsburgh No. 8 seam. All work described here was conducted on 200 x 270 mesh 
size fractions with mean particle diameters of 62 p. 
prepared by air oxidation of sized coal in a fluidized-bed furnace. Oxidation tempera- 
ture, time, and weight gain were determined based upon complementary thermogravimetric 
studies of the air oxidation of each coal. Oxidation levels reported here are given 
as percent weight gain on oxidation (dry coal basis). The proximate analyses of  the 
fresh and preoxidized coals used in this work are presented in Table 1. 

Chars were prepared under rapid heating conditions (- lo4 K/s) in an entrained-flow 
furnace at temperatures between 1073 and 1273K with residence times up to 0.27s. 
Slow pyrolysis (12 K/min) chars were prepared in a horizontal tube furnace at a tem- 
perature of 12733 with a soak time at final temperature of 1 h. 
of the surface properties of the chars were performed. Char morphology was examined 

The parent sample was PSOC-1099, a HVA bituminous coal from 

Preoxidized coal samples were 

Extensive analyses 

* Present Address: U.S. DOE, Morgantown Energy Technology Center, P.O. Box 880, 
Collins Ferry Road, Morgantown, West Virginia, 26505. 
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TABLE 1 

Proximate Analyses of Samples* Examined 

V o l a t i l e  Fixed 
Moisture Ash Matter Carbon 

Sample Percent Percent  Percent  Percent  

PSOC-1099 (HVA bituminous coa l )  1 .3  10 .6  34.0 54 .1  
PSOC-1099 (1 pe rcen t  0, added) 0.8 10.6  32.5 56 .1  
PSOC-1099 ( 2  pe rcen t  0, added) 1 .0  10.5 31.6 56.9 

* Proximate ana lyses  were conducted on 200 x 270 mesh f r a c t i o n s  of 62 pm 
mean p a r t i c l e  d iameter .  

using SEM. 
t r a n s i t i o n a l  pore  su r face  a r e a s  were determined by N, adsorp t ion  a t  77K. Addi t iona l  
char s t r u c t u r a l  in format ion  was obta ined  by u l t ima te  ana lys i s  us ing  a Perkin-Elmer 
Model 240 elemental  ana lyze r .  
a thermogravimetric method desc r ibed  by Mahajan' and co-workers (2 ,5 ) .  
of a l l  exper imenta l  p rocedures  employed i n  t h i s  s tudy  a r e  suppl ied  i n  Reference 4 .  

Results 

Figures 1 and 2 a r e  scanning e l e c t r o n  micrographs of chars  prepared from f r e s h  and pre- 
oxidized samples (2.5 pe rcen t  oxygen added) of PSOC-1099 a f t e r  hea t  t rea tment  of 0.23 s 
a t  12733. Chars prepared from t h e  f r e s h  HVA c o a l ,  F igure  1, were th in-wal led  t r ans -  
parent s t r u c t u r e s  commonly r e f e r r e d  t o  as  cenospheres (6-8),  the  mean diameters of which 
were more than  twice  t h a t  of t he  s t a r t i n g  c o a l .  This r ep resen t s  a -10-fold inc rease  in 
volume. During py ro lys i s  t h e  sample shown l o s t  51 percent  of i t s  s t a r t i n g  ma te r i a l  
(da f ) .  
during t h e  f i r s t  0 . 1  s of hea t ing  t ime a f t e r  which no observable  changes i n  macroscopic 
p rope r t i e s  were ev iden t .  When carbonized under slow hea t ing  condi t ions ,  t h i s  coa l  
formed a fused swollen coke. 

As i l l u s t r a t e d  i n  F igure  2 ,  the  preoxid ized  coa l  d id  not form the  CenOSphere S t ruc tu res  
observed in  F igure  1. Preoxid ized  coa l  char p a r t i c l e  s i z e s  were s imi l a r  with those 
observed f o r  the  pa ren t  sample p r i o r  t o  carboniza t ion .  Char p a r t i c l e  shapes,  however, 
were a l t e r e d  cons iderably .  P a r t i c l e  su r faces  were rounded wi th  l i t t l e  evidence of t he  
sharp,  wel l -def ined  f r a c t u r e  su r face  c h a r a c t e r i s t i c  of t h e  s t a r t i n g  coa l .  This  indicat?:;  
t ha t  t he  preoxid ized  c o a l  passed through a f l u i d  s t a t e  dur ing  rap id  hea t ing .  A l l  p re -  
oxidized samples examined i n  the  p r e s e n t  s tudy  formed chars  of s i m i l a r  s i z e  and shape 
during r ap id  py ro lys i s .  I n  c o n t r a s t  t o  t h i s  behavior ,  t h e  preoxid ized  coa l  exh ib i t ed  
no s igns  of thermoplas t ic  behavior  when carbonized under slow hea t ing  condi t ions .  

Figure 3 i l l u s t r a t e s  t he  development of char su r face  a rea  (CO, a rea )  a s  a func t ion  of 
heat t rea tment  t ime a t  t empera tures  of 1073 and 1173K f o r  chars  produced from the  
f resh  HVA coa l .  Char s u r f a c e  a r e a s  remained cons tan t  dur ing  the  f i r s t  0.05 s of hea t  
t rea tment  a f t e r  which s u r f a c e  a r e a s  increased  wi th  t ime. 
parent coa l  was 170 m Z / g .  A t  each hea t  t rea tment  tempera ture ,  a more than  two-fold 
increase  i n  sur face  a rea  occurred  dur ing  the  py ro lys i s  p rocess .  A t  1073K, the  maxi- 
muv char su r face  a rea  obta ined  was 360 m2/g (daf cha r ) ;  whi le  a t  1173K, the  maximum 
Char Surface  a rea  was 465 mZ/g. The sigmoid-shaped curves shown i n  Figure 3 sugges t  
t h a t  char  su r face  a reas  were approaching,maximum values .  
ported by the  r e s u l t s  of Radovic (9) and o the r s  (10-14). 

To ta l  su r f ace  a r e a  was determined by CO, phys isorp t ion  a t  2983. Macro and 

Char r e a c t i v i t i e s  were determined i n  a i r  a t  668K using 
Complete d e t a i l s  

Under the  condi t ions  employed i n  t h i s  work, cenospheres were f u l l y  developed 

The CO, su r f ace  a rea  f o r  t h e  

This  observa t ion  is  sup- 
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The N, surface area determined for the fresh coal was 2.7 m2/g. 
mined for the corresponding char samples were less than 2 m2/g for all the chars exam- 
ined. These areas approximate the theoretical limits calculated for cenospheres of the 
size and weight produced in this study. 

Generally, N, surface areas determined for coals or char samples are considerably 
lower than the corresponding CO, surface areas. 
microporous materials are limited by activated diffusion and, therefore, N, adsorption 
gives an estimate of macro and meso porosity (15). CO, (at 298K), however, is 
accessible to surfaces present in macro, meso, and micro pores. 

Figure 4 illustrates the development of char surface area as a function of weight 
loss during pyrolysis. Surface areas exhibited little change during the early stages 
of pyrolysis. After 25 percent weight loss, however, char areas increased rapidly up 
to a weight loss of approximately 45 percent. Subsequent weight loss, up to 50 percent, 
had little effect on resulting surface areas. It is of interest to note that the weight 
loss level at which surface areas began to increase coincided roughly with the initia- 
tion of cenosphere growth (4). 

CO, surface areas determined for the untreated and preoxidized coal samples and 
selected chars generated from these samples are presented in Table 2. 

N, surface areas deter- 

N, adsorption kinetics (at 77K) on 

TABLE 2 

Comparison of  CO, Surface Areas 
Determined for Fresh and Preoxidized 
Coals and Their Corresponding Chars 

Surface Areas m2/g (daf basis) 
Carbonization Temperature (K) Raw 1073 1173 1273 1273 
Carbonization Time (s) Coal 0.27 0.25 0.23 3600" 

Sample 

PSOC-1099 (untreated) 170 360 465 465 88 
1.2 percent oxygen added 160 290 480 475 
2.5 percent oxygen added 150 320 500 522 188 

I 

* Slow heating conditions (12 K/min) followed by 1 h soak time at 
1273K. 

h 

Preoxidation had little effect on the surface area of the coal sample prior to carboni- 
zation. 
area, however, no specific pattern was evident. After heat treatment at 1073K, sur- 
face areas of chars prepared from preoxidized coals were less than that observed for 
the corresponding unoxidized coal char. At carbonization temperatures of 1173 and 
12733, preoxidized coal formed chars with slightly higher surface areas than the 
corresponding chars prepared from the unoxidized coal. 
and extended heat treatment times were employed, preoxidation led to a significant 
increase in resulting char surface area. 
temperatures, char surfaces areas were greatly reduced when compared with char 
surfaces areas observed for the rapidly heated (short time) samples. 

The carbon and hydrogen percentages obtained from ultimate analysis provide some use- 
ful information concerning changes in char composition as a function of carbonization 

During pyrolysis, preoxidation had a mild effect on resulting char surface 

When slow heating conditions 

Following extznded hold times at elevated 
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condirions.  The C/H r a t i o s  p re sen ted  i n  F igures  5 and 6 show t h a t  a s  carboniza t ion  
temperatures and t imes were inc reased ,  hydrogen was p r e f e r e n t i a l l y  removed from the  
char samples. A s  the  tempera ture  of carboniza t ion  was inc reased ,  t h e  r a t e  of  hydro- 
gen evolu t ion  r e l a t i v e  t o  carbon evo lu t ion  increased  s i g n i f i c a n t l y .  The preoxidized 
coa l  behavior  was s i m i l a r  t o  t h a t  of t he  f r e s h  coa l .  Under comparable Carbonization 
condi t ions ,  no s i g n i f i c a n t  d i f f e r e n c e s  were observed i n  t h e  C/H r a t i o s  determined fo r  
chars der ived  from the  f r e s h  and preoxid ized  coa l  samples. 

Preoxida t ion  e f f e c t s  on char  composition a r e  i l l u s t r a t e d  more c l e a r l y  i n  F igure  7.  
Over 80 percen t  of  t he  hydrogen p r e s e n t  i n  the  f r e s h  HVA coa l  sample was removed during 
0.23 s of hea t  t rea tment  a t  12733. 
removed i n  the  same t i m e  i n t e r v a l .  Preoxida t ion  reduced t h e  q u a n t i t i e s  of  bo th  hydro- 
gen and carbon l i b e r a t e d  dur ing  comparable hea t  t r ea tmen t s .  

The r e l a t i v e  g a s i f i c a t i o n  p o t e n t i a l  o f  t he  chars  produced i n  t h i s  s tudy  were evaluated 
by examining the  r e a c t i v i t i e s  of s e l e c t e d  samples dur ing  g a s i f i c a t i o n  i n  one atmosphere 
of a i r  (20 kPa 0 2 ) .  The r e a c t i v i t y  parameter repor ted  he re  i s  r0.5, which, a t  a given 
r eac t ion  temperature,  i s  t h e  time corresponding t o  a f r a c t i o n a l  burn-off of one-half .  
Mahajan, Yarzab, and Walker (5) demonstrated the  u t i l i t y  of t h i s  parameter f o r  cor re-  
l a t i n g  cha r  r e a c t i v i t y  da t a  f o r  g a s i f i c a t i o n  i n  a i r ,  steam, and CO,. 

Table 3 shows the  r e a c t i v i t y  parameters ,  10 .5 ,  determined f o r  chars  generated from 
PSOC-1099 a s  a func t ion  of ca rbon iza t ion  temperature and preoxida t ion  l e v e l .  The 
carboniza t ion  t imes employed were t h e  maximum res idence  t imes a t t a i n a b l e  a t  each  fu r -  
nace ope ra t ing  temperature.  These were 0.27 s a t  1073K, 0.25 s a t  1173K, and 
0.23 s a t  1273K. The r e a c t i v i t y  parameters repor ted  a r e  t h e  mean va lues  determined 
from t h r e e  r e p l i c a t e  r e a c t i v i t y  tes ts .  Typica l ly  t h e  s tandard  dev ia t ion  from the  mean 
was less than  ? 10 percen t .  

Less than  50 percen t  of t h e  o r i g i n a l  carbon was 

~-~ - - - - ~ ... - - 

TABLE 3 

Comparison o f  Air R e a c t i v i t i e s  a t  668K 
f o r  Chars Prepared  from PSOC-1099 as  a Function of 
Carboniza t ion  Temperature and Preoxida t ion  Level 

Reac t iv i ty  Parameter r0.5 min 
Furrrace No 1.2% 2.5% 

Temperature Oxygen Oxygen Oxygen 
(K) Added Added Added 

1073 
1173 
1273 

33 
46 
69 

32 
46 
64  

36 
46 
66 

A s  carboniza t ion  temperature was increased  from 1073K t o  1273K, t he  subsequent char 
r e a c t i v i t y  decreased by a f a c t o r  of  two. 
t he  unoxidized and preoxid ized  p a r e n t  samples. 
subsequent char  r e a c t i v i t y .  
dized and preoxid ized  c o a l s  were equ iva len t  w i th in  the  l i m i t s  of r ep roduc ib i l i t y  of the  
r e a c t i v i t y  measurement. 

This was t r u e  f o r  chars  prepared from both 
Preoxida t ion  had no apparent e f f e c t  on 

Values of 10.5 determined f o r  cha r s  prepared from unoxi- 



'. 

Discussion 

Nsakala and co-workers (16,17) and Radovic (9 ,  18) examined l i g n i t e  coa l  chars  generated 

repor ted  inc reases  i n  char su r face  a reas ,  determined by CO, adso rp t ion ,  of 200 t o  
300 dig. The r e s u l t s  presented  here  concur wi th  these  f ind ings .  Nsakala,  e t  a l .  (16, 
171, a l s o  repor ted  s i g n i f i c a n t  i nc reases  i n  N, su r f ace  a rea  dur ing  py ro lys i s  of a 
l i g n i t e .  
examined i n  the  p re sen t  s tudy .  

Mahajan, e t  a l .  ( 2 ) ,  repor ted  t h a t  sur face  a r e a s  of chars  produced from preoxid ized  
c o a l s  were seve ra l  t imes l a r g e r  than  those  prepared from f r e s h  coa l  samples. These 
i n v e s t i g a t o r s  examined coa l s  of s i m i l a r  rank and employed p reox ida t ion  condi t ions  com- 
parable  with those  used i n  the  p re sen t  s tudy .  
(10 Klmin) and extended soak times (1 h) a t  f i n a l  temperature (12733) dur ing  the  car -  
boniza t ion  process .  When slow hea t ing  condi t ions  (12 Klmin t o  12733, followed by 1 h 
soak time a t  12733) were employed i n  t h e  p re sen t  s tudy ,  chars  produced from the  unoxi- 
d ized  coa l  had CO, su r f ace  a reas  s i g n i f i c a n t l y  lower than  the  cha r s  produced from the  
preoxid ized  coal (Table 2 ) .  However, under rap id  hea t ing  cond i t ions ,  p reoxida t ion  had 
only  a s l i g h t  e f f e c t  on r e s u l t i n g  char su r face  a r e a .  I t  i s  apparent  from t h e  r e s u l t s  
shown here  t h a t  p reoxida t ion  e f f e c t s  on r e s u l t i n g  char a rea  were g r e a t l y  diminished 
when employing rap id  hea t ing  condi t ions  and s h o r t  carboniza t ion  t imes .  

Decreases i n  char r e a c t i v i t y  wi th  inc reas ing  hea t  t rea tment  tempera ture  were repor ted  
previous ly  f o r  coa l  cha r s  (1 ,9 ,18)  and o the r  d i sordered  carbonaceous s o l i d s  (19) .  Jenkins 
and co-workers (1) examined chars  prepared under slow hea t ing  cond i t ions  (10 Klmin 
hea t ing  r a t e ,  2 h soak t ime a t  f i n a l  t empera ture) .  They repor ted  t h a t  char  r e a c t i v i -  
t i e s  dur ing  a i r  g a s i f i c a t i o n  decreased by a s  much as  10 t imes when carboniza t ion  tem- 
pe ra tu re  was increased  from 8733 t o  12733. Radovic (9 ,181  examined r e a c t i v i t i e s  of c: ir:; 
prepared from a l i g n i t e  under r ap id  hea t ing ,  s h o r t  con tac t  time carboniza t ion  condi- 
t i o n s  s i m i l a r  t o  those  employed i n  the  p re sen t  s tudy .  He observed a decrease  by a 
f a c t o r  of  10 when carboniza t ion  temperature was increased  from 9753 t o  12753. 

\ Jenkins ,  e t  a l .  (11, suggested t h a t  the  e f f e c t  of temperature on subsequent char reac 

\ under rap id  hea t ing ,  s h o r t  res idence  t ime cond i t ions .  Each of t h e s e  i n v e s t i g a t o r s  

S imi la r  i nc reases  i n  N, a rea  were no t  observed f o r  t he  bituminous coa l  

< 

They employed slow hea t ing  condi t ions  

t i v i t y  could be expla ined  on t he  b a s i s  of t he  concent ra t ion  and a c c e s s i b i l i t y  of a c t i  e 
s i t e s .  F i r s t l y ,  they  observed t h a t  the  lower temperature chars  had a s i g n i f i c a n t l y  
h igher  l e v e l  of macro and t r a n s i t i o n a l  po ros i ty  (es t imated  from N, adsorp t ion)  and, t hus ,  
a more open o r  a c c e s s i b l e  pore  s t r u c t u r e  than  d id  the  h igher  tempera ture  cha r s .  
ondly,  they  noted t h a t  t h e  chemical na tu re  of  t he  char  su r face  changed wi th  changing 
carboniza t ion  tempera ture .  
d id  the  h igher  temperature cha r s .  They suggested t h a t  hydrogen was p r e f e r e n t i a l l y  
removed dur ing  a i r  g a s i f i c a t i o n  leaving  behind nascent  carbon a c t i v e  s i t e s  which a r e  
more r e a c t i v e  t o  oxygen. The chars  generated i n  t h i s  s tudy  were e s s e n t i a l l y  void of 
su r face  a rea  a s soc ia t e s  wi th  macro and t r a n s i t i o n a l  pores .  Char r e a c t i v i t i e s  exhib i ted  
no c o r r e l a t i o n  with the  micropore a reas  determined f o r  t hese  cha r s .  
r e s u l t s ,  i t  i s  probable t h a t  char r e a c t i v i t i e s  were more s t r o n g l y  inf luenced  by the  
amount of hydrogen remaining i n  the  char.  
composition da ta  presented  i n  F igures  5 through 7 .  

Mahajan and co-workers (2) observed t h a t  under slow hea t ing  cond i t ions  (10 Klmin, 1 h 
soak a t  1273K) p reox ida t ion  markedly enhanced subsequent char  r e a c t i v i t y  (by a fac-  
t o r  of up t o  40). 
r e s u l t i n g  char su r face  a rea  and r e a c t i v i t y  a r e  g r e a t l y  diminished when rap id  hea t ing  
condi t ions  and s h o r t  ca rbon iza t ion  times a r e  employed. 
s e l ec t ed  coa l  and cha r  samples were carbonized under condi t ions  comparable wi th  those 
used by Mahajan and co-workers (2) .  

Sec- 

Lower temperature chars  had a h igher  hydrogen conten t  than 

Considering these  

This  sugges t ion  i s  supported by the  elemental  

\\ 

The r e s u l t s  of t h i s  s tudy  sugges t  t h a t  p reoxida t ion  e f f e c t s  on 

I n  suppor t  o f  t h i s  observa t ion ,  

Chars were prepared from t h e  f r e s h  H V A  coal  and 
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preoxid ized  (2.5 percent  oxygen added) c o a l .  In a d d i t i o n ,  t he  1273K chars  (0.23 s 
carboniza t ion  t ime) prepared  by rap id  hea t ing  of t hese  samples were recarhonized  under 
slow hea t ing  cond i t ions .  The r e a c t i v i t y  parameters determined f o r  t hese  chars  a re  
presented  i n  Table 4 .  Inc reas ing  hold times a t  t he  f i n a l  ca rbon iza t ion  temperature 
(1273K) from 0 .23  s t o  3600 s l e d  t o  a seven-fo ld  decrease  i n  r e a c t i v i t y  f o r  t h e  
chars prepared from t h e  unoxidized c o a l .  When comparable hold t imes were employed, 
hea t ing  r a t e  had l i t t l e  e f f e c t  on subsequent char r e a c t i v i t y .  Chars prepared  from 
preoxidized coa l s  were about  a f a c t o r  of two more r e a c t i v e  than the  corresponding chars 
prepared from the  unoxidized c o a l .  The important f a c t o r  i n  determining the  subsequent 
char r e a c t i v i t y  was the  hold t i m e  a t  f i n a l  temperature and no t  t he  hea t ing  r a t e .  

TABLE 4 

E f f e c L  of CarboniZatibn C b d i t i o n s  on-Subsequent R e a c t i v i t y  
of Chars Prepared from Raw and Preoxidized Samples of PSOC-1099 

_ _ _  _ - - - - -  _ -  

Reac t iv i ty  Parameter T0.5 min 
Char Heating r a t e  30,000 K / s  0 .2  K / s  30,000 K/s*  
P repa ra t ion  
Method Hold Time a t  1273K 0 .23  s 3600 s 3600 s 

Parent  Sample 

Raw (unoxidized) 
2.5 pe rcen t  oxygen 

added 

69 450 490 
66 300 260 

+< Chars were prepared i n  t h e  en t ra ined- f low furnace  under rap id  hea t ing  
condi t ions  and were recarhonized  by hea t ing  a t  0 .2  K / s  and hold ing  f o r  
3600 s a t  12733. 

Mahajan and co-workers ( 2 )  a t t r i b u t e d  t h e  enhancement of char r e a c t i v i t y  as  a r e s u l t  
of preoxida t ion  t o  the  l a r g e  inc reases  i n  micropore su r face  a reas  they  observed f o r  
these  cha r s .  Under rap id  hea t ing ,  s h o r t  con tac t  t i m e ,  ca rboniza t ion  conditi.ons s imi l a r  
increases  i n  su r face  a rea  and cha r  r e a c t i v i t y  were n o t  observed. However, when carboni- 
za t ion  times were extended, p reox ida t ion  e f f e c t s  became ev iden t .  These r e s u l t s  provide 
some i n s i g h t  concerning the  r o l e  which oxygen p lays  i n  the  carboniza t ion  process .  From 
the  work of  J enk ins ,  e t  a l .  ( l ) ,  and o the r s  (10-14), i t  i s  known t h a t  i nc reas ing  the 
s e v e r i t y  ( t ime,  temperature) of ca rbon iza t ion  condi t ions  r e s u l t s  i n  a s e a l i n g  up o r  
c los ing  of char p o r o s i t y .  This  annea l ing  process  reduces the  a c c e s s i b i l i t y  and quan- 
t i t y  of a c t i v e  g a s i f i c a t i o n  s i tes  p resen t  i n  the  char .  The r e s u l t s  of t h i s  s tudy  and 
the  work of Mahajan, e t  a l .  (21 ,  sugges t  t h a t  p reoxida t ion  i n h i b i t s  t he  annea l ing  proc- 
e s s  and, thereby ,  leads  t o  t h e  product ion  of more r e a c t i v e  coa l  chars .  This  i n h i b i t i o n  
does no t  become mani fes t  i n  t h e  i n i t i a l  s t a g e s  of t he  carboniza t ion  p rocess .  
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FIGURE 1, SCANNING E L E C  RON MICROGRAPH OF THE CHAR PRODUCED 
FROM P oc-1094 FOLLOWING HEAT TREATMENT AT 1273 K 
FOR 0,$3  s 

F IGURE 2 ,  SCANNING ELECTRON MICROGRAPH OF THE CHAR PRODUCED 
EROM PREOXIDIZED psoc-1099 (2 5% OXYGEN AD ED) 
FOLLOWING HEAT TREATMENT AT 1973 K F O R  0 , 2 9  s 
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Figure 3. EFFECTS O F  CARBONIZATION T I M E  AND TEMPERATURE 
ON RESULTING CO2 SURFACE AREA FOR CHARS PREPARED 
FROM PSOC-1099 
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Figure 4. E F F E C T  OF PYROLYSIS YIELD ON RESULTING C O z  SURFACE 
AREA FOR CHARS PREPARED FROM PSOC-1099 
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Figure 5, EFFECTS OF CARBONIZATION TIME AND TEMPERATURE ON 
RESULTING ATOMIC C/H RATIOS FOR CHARS PREPARED 
FROM PSOC-1099 
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Figure 6, EFFECTS OF CARBONIZATION TIME AND TEMPERATURE ON 
RESULTING ATOMIC C/H RATIOS FOR CHARS PREPARED 
FROM PREOXIDIZEO PSOC-1099 (2.5% Oxygen Added) 
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Figure 7, WEIGHT FRACTIONS OF CARBON AND HYOROGEN REMAINING 
IN CHARS AS A FUNCTION OF TIME AT 1273 K FOR RAW AND 
PREOXlDlZED (2.5: Oxygen Added) SAMPLES OF PSOC-1W9 
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High Tempera tu re  Trans fo rma t ions  of Mine ra l s  i n  Coal 
and t h e  R e l a t i o n s h i p  t o  t h e  Organic  S t r u c t u r e  

P.A. Montan0 and A.S. Boinmannavar 

Department o f  Phys ic s ,  West V i r g i n i a  University 
 organt town, N V  26506 

I .  I n t r o d u c t i o n  

The major u s e  of c o a l  i s  i n  d i r e c t  combustion f o r  t h e  g e n e r a t i o n  o f  e l e c t r i c i t y .  
Because of t h e  env i ronmen ta l  h a z a r d s  involved i n  i t s  u s e ,  c o n s i d e r a b l e  r e s e a r c h  has 
become n e c e s s a r y  t o  f u l l y  unde r s t and  t h e  behavior  of t h e  d i f f e r e n t  compunds  
appea r ing  i n  c o a l  and t h e  ways i n  which they  t r a n s f o r m  th roughou t  t h e  cour se  o f  
p rocess ing .  

Of a l l  t h e  m i n e r a l s  p r e s e n t  i n  c o a l ,  i r o n  d i s u l f i d e s  ( p y r i t e  and m a r c a s i t e )  a r e  
t h e  most d e l e t e r i o u s .  They a r e  one o f  t h e  major s o u r c e s  o f  SO p o l l u t i o n .  Clay 
m i n e r a l s  r e p r e s e n t  a l a r g e  p e r c e n t a g e  of t h e  i n o r g a n i c  ma t t e r   in- coa-1.. -These ~ - 
minera l s  a r e  t r ans fo rmed  a t  high-temperat-uure t o  f e r r o u s  and f e r r i c  g l a s s  phases .  
ljldssbauer spec t roscopy  can be v e r y  h e l p f u l  i n  u n d e r s t a n d i n g  t h e  t r a n s f o r m a t i o n  of 
i ron -bea r ing  m i n e r a t q ) d u r i n g  combust ion.  Such a t e c h n i q u e  w ~ s  used t o  s t u d y  t h e  
o x i d a t i o n  o f  p y r i t e  a t  modera t e  t e m p e r a t u r e s  (maximum 400 C ) .  The o x i d a t i o n  o f  
py rb te  i n  an IL116 c o a l  o c c u r s  i n  Lhree s t e g s :  a )  t o  i r o n  s u l f a t e s  between 25’ t o  
310 C ,  
a l s o  obseyyyd t h a t  tt?e r a t e  of o x i d a t i o n  is s t r o n g l y  p a r t i c l e  s i z e  dependent .  
:Jendeborn enumerates  no l e s s  an s i x t e e n  c o n c u r r e n t  r e a c t i o n s  f o r  t h e  o x i d a t i o n  
of p y r i t e .  Schwab and P h i l i n i s  
o x i d a t i o n  o f  p y r i t e  p roceeds  ma in ly  th rough  t h e  fo rma t ion  of o x i d e s .  S u l f a t e  
formation amounted t o  o n l y  12% of t h e  o x i d e  fo rma t ion  a t  t h e  lower t empera tu re  and 
dec reased  w i t h  i n c r e a s i n g  tempera From therrnodynatnics and k i n e t i c s  o f  t h e  
r e a c t i o n  o f  s u l f u r  i n  c o a l ,  A t t a r tYresugges t ed  t h a t  t h e  f i n a l  p r o d u c t s  o f  t h e  
r e a c t i o n  depend on t e m p e r a t u r e ,  p y r i t e  p a r t i c l e  s i z e  and oxygen p a r t i a l  p r e s s u r e .  

2 - 
.- ~. - 

b )  t o  y-Fe20 between 310 and 325 C ,  and c )  t o  a-Fe 0 above 325°C.(1;4)was 
2 3  

( @ observed t h a t  i n  t h e  range o f  400-5OO0C, t h e  

The iJiossbauer e f f e c t  h a s  a l s o  been used by lluffman and I l ~ g g i n s ( ~ )  t o  s t u d y  t h e  
r e s i d u a l  a s h e s  i n  c o a l .  They obse rved  t h e  t2gnsforrnat ion o f  p y r i t e  t o  h e m a t i t e ,  
s i d e r i t e  t o  h e m a t i t e ,  and o f  a n k e r i t e  and Fe i n  c l a y s  t o  f e r r i c  ions i n  g l a s s y  
m a t e r i a l s .  The compos i t ion  o f  t h e  a s h e s  was s t r o n g l y  dependent  on t h e  o r i g i n a l  
mine ra l s  and t h e  c o o l i n g  c o n d i t i o n s .  

I n  t h i s  work we r e p o r t  a s e r i e s  o f  i n  s i t u  M6ssbauer rneasurernents i n  four 
w e l l - c h a r a c t e r i z e d  b i tuminous  c o a l s .  We i n t e n d  t o  s t u d y  t h e  sequence o f  chemical  
r e a c t i o n s  t a k i n g  p l a c e  d u r i n g  t h e  t r a n s f o r m a t i o n  o f  t h e  i ron -bea r ing  m i n e r a l s .  
S p e c i a l  emphasis  is p laced  upon t h e  va l ence  s t a t e  o f  t h e  i r o n  and t h e  i d e n t i f i c a t i o n  
o f  t h e  i n t e r m e d i a t e  s t a t e s .  

11. Experimental  D e s c r i p t i o n  

The c o a l s  used i n  t h i s  s t u d y  were: B l a c k s v i l l e  12 ,  Powhatan 115, Ky 9/14 and 

The o x i d a t i o n  p r o c e s s  was c a r r i e d  o u t  i n  a s p e c i a l l y  b u i l t  
I L  116 ob ta ined  from S t .  C l a i r  County,  I l l i n o i s .  
o f  t h e s e  f o u r  c o a l s .  
r e a c t o r .  The r e a c t o r  chamber c o n s i s t s  of a q u a r t z  c y l i n d e r  w i th  an o u t e r  d i ame te r  
of 2.5 cm. 
a i r  through it .  The q u a r t z  t u b e  was p laced  i n s i d e  a h o r i z o n t a l  f u r n a c e  c a p a b l e  o f  
r each ing  1200°C. 
r e a c t o r  nea r  t h e  sample t o  d e t e c t  t h e  t empera tu re .  The r e a c t o r  was he ld  

T a b l e  I g i v e s  t h e  u l t i m a t e  a n a l y s i s  

T h e  sample was mounted i n  t h e  c e n t e r  o f  t h e  c y l i n d e r  a l l o w i n g  t h e  f low of 

A chromel-alumel thermocouple  was i n s e r t e d  i n t o  t h e  middle of t h e  
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h o r i z o n t a l l y .  The sarnple,  a c o a l  p e l l e t ,  was mounted between two g r a p h i t e  h o l d e r s  i n  
t h e  c e n t e r  of t h e  r e a c t o r .  For t h e  p r o c e s s  o f  o x i d a t i o n ,  a i r  was al lowed t o  f low 
through t h e  sample a t  a c o n s t a n t  r a t e .  A computer ized i4'cissbauer spec t romete r  was 
used i n  t h i s  s t u d y  t o  accumulate ,  r eco rd  and f i t  t h e  d a t a .  The f i t t i n g  is based on a 
non-l inear  l e a s  squa re  p rocedure  assuming Loren tz i an - l ike  s h a p e s .  The source  used 
was a -100 m C i  '7Co i n  a rhodium m a t r i x .  A krypton ( 3 %  C H q )  p r o p o r t i o n a l  c o u n t e r  was 
used a s  a d e t e c t o r  ( c a r e  a s  t aken  t o  c o o l  t h e  windows o f  t h e  d e t e c t o r  du r ing  t h e  
measurements).  0 &kc 5rFe I 6 s s b a u e r  s p e c t r a  o f  a l l  t h e  samgles were recorded 
d u r i n g  o x i d a t i o n  a t  v a r i o u s  t e m p e r a t u r e s  between 22OC and 710 C. 
s h i f t s  a r e  given i n  r e f e r e n c e  t o  a-Fe ( t h e  z e r o  v e l o c i t y  s t a n d a r d ) .  The r e d u c t i o n  
measurements were pe r fo rned  under hydrogen f low a s  w e l l  a s  under  a n i t r o g e n  
atmosphere.  

A l l  t h e  isomer 

111. ExEerirnental  Hesultz-a_nd Discussion 

The Mossbauer s p e c t r a  of a l l  t h e  c o a l s  a t  room t empera tu re  show t h e  p re sence  o f  
FeS2 ( p y r i t e )  i n  v a r i o u s  amounts.  The spectrum o f  p y r i t e  is known t o  g ive  a 
c h a r a c t e r i s t i c  quadrupo le  s p l i t  d o u b l e t ,  isomer s h i f t  (IS) = 0.31 mm/sec and 
quadrupole  s p l i t t i n g  ( Q S )  = 0.61 ian/sec. I n  a l l  t h e  c o a l s  depending on t h e  degree o f  
wea the r ing  (room tempera tu re  o x i d a t i o n ) ,  t h e  p re sence  of FeS04* H 2 0  ( s zomolnok i t e )  was 
obse rved ,  I S  = 1.18 m d s e c  and QS = 2.69 mm/sec. I n  some samples  [minor amounts of 
j a r o s i t e  and coquimbite  ( f e r r i c  s u l f a t e s )  were a l s o  obse rved .  The major i ron -bea r ing  
c l a y  m i n e r a l s  d e t e c t e d  i n  t h e  p r e s e n t  expe r imen t s  were i l l i t e  and mixed c l a y s  ( a s  
d e t e c t e d  by x-ray d i f f r a c t i o n ) .  The amount of i r o n  i n  such m i n e r a l s  is ve ry  sma l l  
and d e t e c t i o n  becomes e a s i e r  a f t e r  a n a l y z i n g  t h e  h igh  t empera tu re  a s h e s .  On h e a t i n g  
t h e  c o a l  i n  a i r ,  FeS2 w i l l  be ox id i zed  t o  a mix tu re  of s u l f a t e s  and o x i d e s ,  and we 
would expect  t h e  Mossbauer spectrum t o  c o n s i s t  o f  a s u p e r p o s i t i o n  o f  a [magnet ical ly  
s p l i t  s i x - l i n e  p a t t e r n  due t o  t h e  iron o x i d e s  and d o u b l e t s  r e s u l t i n g  from unreac ted  
FeS and i r o n  s u l f a t e s .  The above r e a c t i o n s  could be subnnarized as: 

2 

1 )  

2 )  

2 FeS2 + 302 FeS04 + S O  

3FeS2 + 10 O2 -t FeS04 + Fe2(S04)3  + 2S02 

Fe2(S04)3 + Fe2a3 + 3S03 

I n  F igu res  1 and 2 t h e  i n  s i t u  Mossbauer s p e c t r a  f o r  t h e  B l a c k s v i l l e  12  and IL#G 
c o a l  a r e  shown. On h e a t i n g  t h e  c o a l s  through t h e  v a r i o u s  t e m p e r a t u r e s  it was 
observed 1 )  f o r  FeS2, t h e  QS remains a lmos t  unchanged b u t  i t s  isomer s h i f t  d e c r e a s e s  
r a p i d l y .  The d e c r e a s e  i n  t h e  IS  is a t t r i b u t e d  mainly to  t h e  second o r d e r  Doppler 
s h i f t .  
d e c r e a s e  is mainly due t o  t h e  t empera tu re  dependence of t h e  e l e c t r i c  f i e l d  g r a d i e n t  
( t h rough  popu la t ion  o f  e x c i t e d  e l e c t r o n i c  s t a t e s ) .  The a r e a  f r a c t i o n  o f  i r o n  
s u l f a t e s  i n c r e a s e d  wi th  t empera tu re ;  t h i s  is due t o  t h e  fo rma t ion  o f  s u l f a t e s  through 
r e a c t i o n s  ( 1 )  and ( 2 ) .  
p e r i o d s  o f  time, t h e  fo rma t ion  o f  f e r r i m a g n e t i c  y-Fe20 
1 ) .  The fo rma t ion  o f  Y-Fe 0 has  a l s o  been r e p o r t e d  b$ o t h e r  authors . 'g)  On f u r t h e r  
h e a t i n g  t h e  c o a l  t o  350°C,2tite conve r s ion  o f  y-Fe 0 to a-Fe203 is observed ( e a s i l y  
d e t e c t e d  by t h e  d i f f e r e n c e  i n  magnet ic  h y p e r f i n e  8 i J l d s ) .  The conve r s ion  o f  y-Fe 0 
t o  a-Fe20 
i s  obse rvsd .  The p resence  o f  Y-Fe20 a s  an i n t e r m e d i a t e  s t a t e  depends on t h e  coa12aJ 
w e l l  a s  o x i d a t i o n  t ime .  The l o n g e r  ?he t ime ,  t h e  more Y-Fe 0 
is observed.  
composi t ion a f f e c t s  t h e  amount o f  Y-Fe 0 formed is n o t  $e11 under s tood ,  a l though  one 
i s  i n c l i n e d  t o  b e l i e v e  t h a t  p a r t i c l e  ~ $ 2 2  and i m p u r i t i e s  i n  t h e  p y r i t e  ( o r  i na rcas i t e )  
would be impor t an t  f a c t o r s  i n  t h i s  p rocess .  The above was a l s o  observed i n  a l l  t h e  
c o a l s  s t u d i e d .  Two t y p i c a l  room tempera tu re  S p e c t r a  for t h e  B l a c k s v i l l e  82 and IL16 
c o a l s  a r e  shown i n  F i g u r e s  3 and 4. The s i x - l i n e  spec t rum c h a r a c t e r i s t i c  o f  a-Fe 0 
is e a s i l y  observed a s  t h e  dominant f e a t u r e  i n  t h e  f i g u r e s .  Noted i s  t h e  p re sence  01 

2 )  For FeSO * fi20, t h e  QS is observed t o  d e c r e a s e  a t  h igh  t empera tu res .  This  

On i n c r e a s i n g  t h e  t empera tu re  above 300°C and f o r  s h o r t  
is  observed ( s  r e f e r e n c e  

is Complete a t  400°C, and a c h a r a c t e r i s t i c  s i x - l i n e  p a t t e r n  due t o  a-F$ d 
t o  a-Fe 0 conversion 

O f  c o u r s e  a t  h ighe r  t empera tu res  o n l y  a-Fe 0 2ij s t a b l e . 2  dow t h e  c o a l  

2 
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two e x t r a  d o u b l e t s  c o n t a i n i n g  Fe3+, a t t r ’ b u t e d  t o  decomposi t ion of t h e  c l a y s  and  
fo rma t ion  o f  amorphous m a t e r i a l s  w i t h  Fe’+ a s  an impur i ty .  The d o u b l e t s  a r e  not  
i d e n t i c a l  i n  both s p e c t r a  i n d i c a t i n g  t h a t  t h e  environment  o f  Fe3+ is d i f f e r e n t .  
is i n d i c a t i v e  of a v a r i a t i o n  i n  c l a y  composi t ion between t h e  two c o a l s .  Because of 
t h e  s m a l l  amounts o f  i r o n  i n  such phases ,  t h e i r  c l e a r  i d e n t i f i c a t i o n  i s  r a t h e r  
d i f f i c u l t  and still  remains a c h a l l e n g i n g  problem f o r  t h e  s p e c t r o s c o p i s t .  S i m i l a r  
s p e c t r a  were a l s o  observed f o r  t h e  o t h e r  two c o a l s .  

This  

I 
The l 6 s s b a u e r  e c t r  1 a r e a  o f  each s p e c i e s  was used t o  de t e rmine  t h e  r e l a t i v e  

( n o t  a s  o x i d e )  and Fe 0 amounts o f  FeS2! Fe”,  Fe” 
n e g l e c t  any v a r i a t i o n  i n  Debye-Waller (D-IJ) f a c t o r s  between t h e  d i f f e r e n t  s p e c i e s .  
Consequent ly  t h e  r e l a t i v e  amounts  w i l l  i n d i c a t e  t h e  q u a l i t a t i v e  v a r i a t i o n  i n  sample 
composi t ion a t  t h e  d i f f e r e n t  t empera tu res .  The a b s o l u t e  amounts va ry  depending on 
t h e i r  r e s p e c t i v e  D-kl f a c t o r s .  S i n c e  such a c o r r e c t i o n  is ve ry  d i f f i c u l t ,  we l i m i t  
o u r s e l v e s  t o  t h e  assumption t h a t  a l l  t h e  s p e c i e s  show a s i m i l a r  t empera tu re  
dependence f o r  t h e  D-!J f a c t o r s .  F igu re  5 shows t h e  decornposit ion o f  FeS a s  a 
fu2p t ion  of t empera tu re  f o r  a l l  t h e  c o a l s  under  s t u d y .  F i g u r e  6 shows t 2 e  amount of 
Fe a s  a f u n c t i o n  o f  t e m p e r a t u r e  f o r  a l l  t h e  c o a l s ;  t h e  d i v a l e n t  ‘on c o n t r i b u t i o n  is 
mainly from t h e  f e r r o u s  s u l f a t e s .  I n  F igu re  7 t h e  v a r i a t i o n  i n  Fe’+ and i r o n  ox ides  
(bo th  y and a )  a r e  shown a s  a f u n c t i o n  of t empera tu re .  It i s -~e .v iden t - - tha t - - fo i - - the  
most weathered c o a l s ,  t h e r e  is more ferr1.c  s u l f a t e  pre-sent  - (e .g .  IL116). 
f r e s h e r  c o a l  (&1/.2), .the amount-of  f e r r i c  s u l f a t e  i s  s m a l l g r  and t h e  t r a n s f o r m a t i o n  

-. .----from f r o n  - s u l f i d e s - t o  s u l f a t e s - t o  o x i d e s  is r a p i d .  A t  710 C t h e  f e r r i c  i o n  i s  
p r e s e n t  ma in ly  a s  a-Fe 0 . A t  t h i s  t empera tu re  we a r e  above t h e  a n t i f e r r o m a g n e t i c  t o  
paramagnet ic  t r ans i t i on2  2empera tu re  o f  a-Fe 0 and no magnet ic  s p l i t t i n g  i s  observed.  
The Cr-Fe 0 

nuc leus  is p l o t t e d  v e r s u s  t e m p e r a t u r e .  The t empera tu re  dependence is ve ry  s i m i l a r  
f o r  a l l  t h e  samples  ( o n l y  a-Fe 0 p l o t t e d )  i n d i c a t i n g  s i m i l a r  p a r t i c l e  s i z e s .  Most 
l i k e l y  s i n t e r i n g  has  occur red  gu? ing  combustion. 
one of t h e  major f a c t o r s  h i n d e r i n g  t h e  r a p i d  conve r s ion  o f  FeS t o  o x i d e s  a t  low 
t empera tu res .  Even tua l ly  a t  h i g h e r  t e m p e r a t u r e s  t h e  f e r r i c  s u f f a t e  p a r t i c l e s  a r e  
conve r t ed  t o  o x i d e s .  It a p p e a r s  t h a t  t h e  p r e s e n c e  o f  p a r t i c l e s  of f e r r o u s  and f e r r i c  
s u l f a t e s  s lows down t h e  r a p i d  o x i d a t i o n  o f  FeS2. There is a l s o  a p h y s i c a l  f a c t o r  
p r e s e n t .  I t  is h i g h l y  p robab le  t h a t  t h e  s m a l l e r  s u l f i d e  p a r t i c l e s  were o x i d i z e d  a t  
room t empera tu re  i n  a ( y 5 t h e r e d  c o a l  and t h e  remaining p a r t i c l e s  a r e  l a r g e r  and more 
d i f f i c u l t  t o  o x i d i z e .  It is  e v i d e n t  t h a t  t h e  f r e s h e r  c o a l  ox id i zed  f a s t e r  t han  
t h e  o t h e r s  ( s e e  F igu re  7 ) .  

I n  t h i s  a n a l y s i s  we w i l l  
2 3’ 

For t h e  

, 
p a r t i c l e  s i z e s  seems t o  be very2s?milar  i n  a l l  t h e  c o a l s  s t u d i e d .  h i s  

is e v i d e n t  2 3  from F i g u r e  8 where t h e  normalized magnet ic  h y p e r f i n e  f i e l d  a t  t h e  5’Fe It 

Weather ing of t h e  c o a l  seems t o  be 

r 

Under  r e d u c t i o n  c o n d i t i o n s  and below 45OoC, a l l  t h e  i r o n  s u l f i d e s  a r e  
t ransformed i n t o  p y r y p y t i t e s .  
as t h e  type  o f  c o a l .  The major f a c t o r  a f f e c t i n g  t h e  Fe/S r a t i o  i n  t h e  p y r r h o t i t e s  
i s  t h e  t o t a l  amount of s u l f u r  a v a i l a b l e  as H2S. P a r t i a l  H2S p r e s s u r e  is t h e  c r u c i a l  
q u a n t i t y  c o n t r o l l i n g  t h e  s t o i c h i o m e t r y  of t h e  p y r r h o t i t e s .  A h i g h  pe rcen tage  o f  H2S 
i n  t h e  r e a c t o r  a t  h igh  t e m p e r a t u r e s  a s s u r e s  t h e  fo rma t ion  o f  p y r r h o t i t e s  w i th  a h igh  
number of me ta l  v a c a n c i e s .  
p re sence  o f  hydrogen. The p r o d u c t s  a r e  removed from t h e  s u r f a c e  and t h e  p y r r h o t i t e s  
r e t a i n  a me ta l  c h a r a c t e r .  
t r a n s f o r m  i n t o  t r o i l i t e  and e v e n t u a l l y  i n t o  i r o n  me ta l .  The fo rma t ion  o f  t r o i l i t e  
(FeS)  i s  a l s o  p o s s i b l e  a t  lower t e m p e r a t u r e s  i f  H2S i s  c o n t i n u a l l y  removed from t h e  
r e a c t o r  by f lowing  hydrogen. 
w i th  t h e  i r o n  ion  p r e f e r r i n g  t o  r e t a i n  a d i v a l e n t  s t a t e .  
t r a n s f o r m a t i o n  is s t r o n g l y  c o a l  dependent .  

The d e g r e e  o f  t r a n s f o r m a t i o n  depends on t ime  a s  we l l  

‘ 

The p y r r h o t i t e  s u r f a c e  i n t e r a c t s  w i t h  CO and C02 i n  t h e  

A t  t e m p e r a t u r e s  h ighe r  t han  450°C t h e  p y r r h o t i t e s  s t a r t  t o  

The c l a y  m i n e r a l s  a r e  a l s o  t r ans fo rmed  d u r i n g  r e d u c t i o n  
The degree  of 

The a u t h o r s  acknowledge t h e  s u p p o r t  o f  t h e  Energy Research Center  o f  Uest  
V i r g i n i a  Un ive r s i ty .  
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TABLE I U l t ima te  Ana lys i s  (UT%, dry  b a s i s )  

Coal H C N s 0 HTA 

I L # 6  4.7 67.6 1.2 4.0 8.0 13.96 
Powhatan #5 4.9 71.1 1.1 3.5 7.5 11.8 

\ 

Ky 9/14 4.9 71.3 1.5 3.4 9.7 9.3 

B l a c k s v i l l e  #2 5.2 75.83 1.4 3.4 3.5 10.1 
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FIGURE 3 
t i o n  91 710°C o f  the E l a c k s v i l l e  #2  c o a l .  
g :  Fe i n  amorphous c l a v  (two d o u b l e t )  
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F I G U R E  4. The same a s  above b u t  IL #6 i n s t e a d  of  E l a c k s v i l l e  
#2 9 
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F I G U R E  5 Decomposition o f  FeS i n  percent  as  a func t ion  o f  temperature .  
BL2: Blacksvi l le  # 2 ;  Po5: P o d a t a n  #5 ;  Ky 9 /14;  and IL6: IL #6. 

" 4 0  

1 0 0  n 5 0 0  
C" 

FIGURE 6 
Key t o  t h e  f i g u r e  i s  found i n  Figure 5. 

Transformation o f  Ye2+ in percentage v s .  temperature .  
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3+ FIGUR: 7 Convers ion  t o  Fe 0 and Fe ( n o t  o x i d e s )  as a 
f u n c t i o n  o f  t empera tu re .  
symbols . 

ge2 F i g u r e  5 f o r  t h e  key  t o  t h e  

1 .  

8 . 5  

FIGURE 8 

I I I L 

188 5 0 0  
eo 

l l a a n e t i c  h v o e r f i n e  f i e l d  no rma l i zed  t o  room 
tempera tu re  ' fo r  a l l  t h e  samples vs .  t e n p e r a t u r e l  
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Enumeration of Graphi te  Carbon-Bond-Network 
Defec ts  Having Ring S i z e s  Ranging from 2 t o  9 .  

J e r r y  Ray Dias 

Department of Chemistry 
U n i v e r s i t y  of Missour i  

Kansas C i t y ,  Missour i  64110 

Graphi te - l ike  S t r u c t u r e s  
A cover ing  of t h e  p l ane  by congruent r e g u l a r  n-gons ( a l l  v e r t e x  ang le s  and 

edge l eng ths  are equa l )  i s  c a l l e d  a PegUZUP t e s s e l l a t i o n  of  t h e  p l ane  (1). The 
g raph i t e  o-bond s t r u c t u r e  i s  a r e g u l a r  t e s s e l l a t i o n  of t h e  p l ane  by hexagons. 
The only r e g u l a r  t e s s e l l a t i o n s  of  t h e  p l ane  by n-gons a r e  f o r  n = 3 , 4 ,  and 6 ;  
no o the r  r e g u l a r  t e s s e l l a t i o n s  of t h e  p l ane  e x i s t .  I f  m denotes  t h e  number of 

l / m  = 4. 
d i f f e r e n t  polygons a r e  used wi th  t h e  same set of polygons a t  each v e r t e x .  Since 
t h e  number of n-gons a t  every  v e r t e x  i s  t h r e e  f o r  t h e  g r a p h i t e  o-bond s t r u c t u r e ,  
t h e  var ious  i somer i c  g r a p h i t e  t e s s e l l a t i o n s  i n  a p l ane  must be g iven  by ( l -Z/nl)  + 
(l-Z/n*)+ (1-2/n3)= 2 which s i m p l i f i e s  t o  l / n l  + l / n l  + l /n3  = 4. The only  
accep tab le  s o l u t i o n s  t o  t h e  l a t t e r  equa t ion  f o r  n l ,  n2,  n3 a r e  6 , 6 , 6  o r  3 ,12 ,12  
o r  4 , 6 , 1 2  o r  4 , 8 , 8 .  These t r a n s l a t e  t o  t h e  t e s s e l l a t e d  s t r u c t u r e s  shown i n  
F igu re  1. 
dec reas ing  o rde r  of t h e i r  a romat i c  o r  pn-bond energy s t a b i l i t y  a s s o c i a t e d  wi th  
po lycyc l i c  conjugated  hydrocarbons where t h e  hexagonal web (n l  = 6 ,  nL = 6 , n 3  = 6 )  
is  t o t a l l y  a romat i c ,  t he  middle s t r u c t u r e s  a r e  e i t h e r  l e s s  a romat ic  (nl = 3 ,  
n2 = 1 2 ,  n3 = 12)  or have a romat ic  and a n t i a r o m a t i c  components (nl  = 4 ,  n2 = 6, 
n3 = 1 2 ) ,  and t h e  l a t t e r  s t r u c t u r e  i s  a lmost  t o t a l l y  a n t i a r o m a t i c  (n l  = 4 ,  n2 = 8 ,  
n3 = 8) .  The homogeneous t e s s e l l a t e d  s t r u c t u r e s  (F igure  1) have only  a n g l e  d i s -  
t o r t i o n s  from t h e  i d e a l  ang le  of 120" f o r  t h e  g r a p h i t e  s t r u c t u r e .  I f  bond (edge) 
d i s t o r t i o n s  a r e  pe rmi t t ed  then  o t h e r  p l ana r  l a t t i c e  s t r u c t u r e s  become p o s s i b l e  ( 2 ) .  
They inc lude  p lane  n e t s  composed of  an e q u a l  number of pentagonal  and heptagonal  
r i n g s  or  t r i g o n a l  and nonagonal r i n g s  and twice  t h e  number of pentagonal  r i n g s  t o  
oc tagonal  r i n g s  o r  twice t h e  number of heptagonal  r i n g s  t o  t e t r a g o n a l  r i n g s  i n  
compliance wi th  t h e  equat ion  3r3+2rq+rg-r7-2r8-3rg-4r10-5r11-6r1z--** = 0 
(v ide  i n f r a )  where r 

- -  r egu la r  n-gons a t  evcry v c r t e x ,  t henm( l -2 / a ) l r  = 2n which s i m p l i f i e s  t o  1-/n + - 

Homogeneous t e s s e l l a t i o n s  ( a l l  edge l e n g t h s  are equa l )  occur  when 

Note t h a t  t h e s e  t e s s e l l a t e d  g r a p h i t e  r e l a t e d  s t r u c t u r e s  a r e  l i s t e d  i n  

i s  t h e  number of r i n g s  of s i z e  n .  

These o t h e r  g r a p h i t e  l a t t i c e s  a r e  unknown b u t  can poss ib ly  e x i s t  a s  i s l a n d  
d e f e c t s  i n  g r a p h i t e  o r  amorphous carbon (carbon-bond-network d e f e c t s ) .  Twinning 
of g raph i t e  c r y s t a l s  r e s u l t  i n  t h e  format ion  of 4- and 8-membered r i n g s  a long  t h e  
twinning l i n e .  S i m i l a r l y ,  a p a r t i a l  l a t e r a l  d i s l o c a t i o n  l e a d s  t o  a similar 4-8 
boundary. 
naphthenyl r a d i c a l  and a two-carbon-atom-lattice-vacancy forms a h o l e  shaped l i k e  
pyrene ( 3 ) .  
network d e f e c t  ( 4 ) .  
s t ack ing  and f o r e i g n  atom i n c o r p o r a t i o n .  The 4 1 9  o t h e r  isomers of pyrene enumer- 
a t e d  i n  a previous  paper a l s o  r e p r e s e n t  o t h e r  p o s s i b l e  carbon-bond-network d e f e c t  
s t r u c t u r a l  u n i t s  t h a t  may poss ib ly  exist a s  l o c a l i z e d  i s l a n d s  i n  g r a p h i t e  and 
amorphous carbon ( 5 ) .  

A s i n g l e  carbon-atom-latt ice-vacancy forms a h o l e  shaped l i k e  pe r i -  

A p a r t i a l  l i n e  d i s l o c a t i o n  can produce a sp3-hybridization-buckled- 
Other types  of  g r a p h i t e  d e f e c t  s t r u c t u r e s  invo lve  l a y e r  
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Diamond-like Structures 
There are two basic three-dimensional 4-connected nets o r  lattices that can 

be constructed with equal links and regular tetrahedral bond angles (6). The 
most stable is the (cubic) diamond-like lattice which is made up of the totally 
staggered arrangement of links where each and every two-tetrahedral-atom unit 
resembles the staggered conformation of ethane and every six-tetrahedral-atom 
ring system resembles the chair conformation of cyclohexane. The less stable 
wurtzite-like (hexagonal diamond) lattice is composed of 1/4 eclipsing links 
and 3/4 staggered links and has (normal) layers of made up of fused polycyclic 
hexagonal rings in chair conformational-like arrangements which are mutually 
joined in such a way that boat conformational-like hexagonal rings are formed 
between these layers. 
between the cubic and hexagonal diamond structures could lead to the Sic polytypes. 
Two other lattices possible for 4-connected tetrahedral atoms are worthy of note 
(6). One is based on the cyclopentagon which has an internal angle of 108' that 
is close to the regular tetrahedral angle value of 109.5'. A net which radiates 
out from a central pentagonal dodecahedron can be constructed. 
based on the planar (and angle strained) cyclohexagon. An infinite net which 
radiates from a column of planar cyclohexagons leads to a structue that can be 
described as a 6-fold rotation twin of cubic diamond. 

A lattice which alternates in a regular or periodic manner 

The other is 

1 ' Isomer Enumeration of Polycyclic Conjugated Hydrocarbons 
Consider the a-bond graphs of three of the 420 possible uolvcvclic coniurated . . .  - .  

hydrocarbon isomers of pyrene shown in Figure 2 ( 5 ) .  
peripheral third degree carbon vertices (numbered 1 to 4), isomer 2 has N =5, 
and isomer 3 has Np =6; all pyrene polycyclic conjugated isomers have NH=P6 second 
degree vertices on fhe periphery of their o-bond graphs. Note that the previously 
derived equation of Npc-NLi+6=3r3+2rq+rg-r7-2r~-3rg-**- correctly enumerates the 
relative number of ring sizes different from the hexagonal ring in these three 
pyrene isomers (1 to 3 ) .  

Carbon-Bond-Network Defects in Graphite 
The principle assumption in this treatment of carbon-bond-network defects is 

that this kind of defect is formed in an initially ideal graphite lattice in such 

Pyrene (1 )  has Npc=4 

1 

\\ a manner that the initial number of carbon atoms are conserved (i.e., Frenkel-like 
I defects). Also, the graphite crystal is regarded basically as a super-large 

polycyclic aromatic hydrocarbon and that these carbon-bond-network defects occur 
remote to the crystal edge; under these conditions N 
-r7-2r8-3rg=O since Np -N +6=0 for benzenoid PAHs. xCtwo-dmgnsional H .  H projection 
on the (110) plane of fheHdiamond lattice gives a 6-gon tessellated structure with 
hexagonal rings possessing two shortened parallel edges. 
diamond lattice of silicon parallel to this (110) plane result in ring size 
combinations which obey the above general equation 5s a consequence of avoiding 
energetically unfavorable dangling bonds (7). A (110) projection of the diamond- 
cubic lattice of germanium containing an intrinsic Z-shaped faulted dipole was 
shown to exhibit a combination of pentagonal and heptagonal rings (rg-r7=O) which 
complies with the above equation (8). A study of <011> tilt boundaries in the 
diamond-cubic lattice gave a two-dimensional projection showing ring size combi- 
nations consistent with this equation ( 9 ) .  

-N +6=q -2N +6=3r3+2r4+rg 

Dislocations in the 

Naphthalene has only four polycyclic conjugated hydrocarbon isomers as enumer- 
ated in Figure 3. If one takes an ideal graphite lattice, excises out a naph- 
thalene substructure, and replaces it with a substructure corresponding to the 
other three naphthalene isomers, one obtains the three carbon-bond-network defects 
enumerated in Figure 4; the graphite partial structure shown in Figure 4 will be 
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referred to as the ovalene graphite cell. Similarly, if one excises out a 
pyrene substructure from an ideal graphite lattice and replaces it with another 
substructure corresponding to one of the other 419 isomers of pyrene, one obtains 
other carbon-bond-network defects. Note that for all the defect graphite cell 
structures shown in Figure 4, the combination of ring sizes is predicted by 
3r3+2r4+r5-r7-2rg-3rq=0. If one distinguishes between rings of the naphthalene 
the outer rings formed upon their insertion into the ovalene graphite cells, then 
the equation 3r,+4r4+5r5+6r6+7r7+8rg+9r9= q +2qI can be partitioned into the two 
following equations where the superscript "pi" 
superscript "0" designates "outer" ring system: 

designates "inner" and the 

. . . .  
3r 3+4rt++5r;+6r;+7r;+8ri+9r q=qi+2qt 

P 
5r~+6r~+7r~+8r~=q0+2q~ 

P 
These equations with specificvalues for q:, q i ,  4:: q;, and N+c are given in 
Figure 4. If one excises the pyrene structural unit trom the circumpyrene ideal 
graphite cell, rotates the pyrene structural unit,- and re-insercs-i-t~,- fhziine-- - -  
obtdns another carboGbondLnetwork defect. 
419 different elementary carbon-bond-network defects since each of the different 
420 structural isomeric units of pyrene can be inserted with different orientations 
into the empty circumpyrene graphite cell. The simplest carbon-bond-network 
defect is that graphite cell corresponding to azupyrene since the surrounding 
graphite hexagonal units would be nearly normal. Carbon-bond-network defects 
having ring sizes 3 to 9 are shown to be most probable within the constraints 
of this model. 

-~ ~ 

Thus there are probably more than 

A recent example of thermal (500-C) isomerization of azupyrene to pyrene 
has been published (10). This example (Figure 5) is probably mechanistically 
the simplest type of isomerization possible for pyrene isomers since a pairwise 
detachment and reattachment exchange of syn internal bonds to the internal third 
degree carbon atom vertices would convert azupyrene to pyrene. 
with analogous defects can cause their migration to the surface or annihilate 
them as shown in Figure 5. 

Annealing graphite 

Although large vacancy defects no doubt exist in graphite, one or two carbon- 
Point defects have excess energy atom-lattice-vacancies most likely do not exist. 

due to strain and dangling bonds. Each dangling bond amount to -2.5eV, and thus 
there will be a tendency to form point defects which minimize the number of 
dangling bonds. Consider a two carbon-atom-lattice-vacancy which forms a hole 
which is shaped like pyrene (3); the four dangling bonds in this defect could 
form two bridging bonds if some lattice distortion and associated strain energy 
is permitted. Since it is likely that this strain energy is less than 10 eV, the 
equilibrium. in Figure 6 probably lies to the right side of the equation; note 
that the equation 3r3+2rq+rg-r?-Zrg-3rg=O is again obeyed (i.e., r5-2rg=2-2~1=0). 

These examples demonstrate the broad applicability of the general equation 
3r3+2rq+rg-r7-2rg-3r9-...~0 for predicting the relative number of nonhexagonal ring 
sizes in planar graphs of molecular carbon systems where minimization of dangling 
bonds is a dominant energetic factor. Amorphous carbon can be regarded as a mix 
of graphite and diamond lattice types and carbon-bond-network defects (11). These 
structural concepts should be useful in study of the mechanism of carbonization by 
which pitch is thermally converted to coke and coke to graphite (12). 
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APPENDIX: Glossary  of Terms 

N - t o t a l  number of carbon atoms in a PAH 

N - t o t a l  number of hydrogen atoms i n  a PAH 

NIc - number of i n t e r n a l  carbon atoms i n  a PAH having  a d e g r e e  of 3 

Npc - number of p e r i p h e r a l  carbon atoms i n  a PAH having  a d e g r e e  of 3 

PAH6 - p o l y c y c l i c  a r o m a t i c  hydrocarbon c o n t a i n i n g  e x c l u s i v e l y  f u s e d  

H 

hexagonal r i n g s  

/PI=p=Xc 

p3 - number of graph p o i n t s  ( v e r t i c e s )  having  a degree  o f  3 

IQI=q - number of graph edges  ( l i n e s  o r  C-C bonds) 

qI - number of i n t e r n a l  graph  edges 

qp  - number of p e r i p h e r a l  graph edges 

qb - number of graph  edges connec t ing  t o  phenyl - l ike  r i n g  s u b s t i t u e n t s  

K - number of r i n g s  

- t o t a l  number of graph p o i n t s  
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nl = 6, np = 6, n3 = 6 

nl = 4 ,  np = 6,  n3 = 12 n l  = 4 ,  np = 8 ,  n3 = 8 

Figure 1 . Graphite r e l a t e d  t e s s e l l a t e d  s t ruc tures .  
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Pyrene 

7 2 3 

Figure  2.  Three of t h e  420 p o s s i b l e p o l y c y c l i c  conjugated  hydrocarbon 
isomers of pyrene. 

Naphthalene Azulene 

F igu re  3 .  Polycyc l i c  conjugated isomers of naphtha lene .  
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Naphthalene 

Excised 

Empty Ovalene Graphite Cell 

Azupyrene Defect 

Figure 4 .  Carbon-b,ond-network d e f e c t s  i n  ovalene graphite  c e l l s  
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Azupyrene defect 

Figure 5. Thermal isomerization of azupyrene to pyrene. 

@-# 2 c- 2 

Figure 6. Example of minimization of dangling bonds. 
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INFLUENCE OF PARTICLE STRUCTURE ON THE RATE 
OF GAS-SOLID GASIFICATION REACTIONS 

K.  A .  Debelak, J .  T.  Malito and R .  M. Patrick 

Department of Chemical Engineering 
Vanderbilt University 
Nashville, TN 37235 

__ Introduction 

Changes in s t ruc tura l  parameters, such as surface area available f o r  reaction, 
porosity, and pore s i ze  d i s t r ibu t ion ,  will  markedly a f f ec t  the r a t e  of gas-solid 
reactions.  Accompanying these changes in s t ruc tura l  parameters a re  changes in 
.the resistance to  di-f-fusi-on of gaseous- products and reactants- thT-o-Tgh t h T  pores 
of the so l id .  Understanding the  nature of t h i s  d i f fus ion ,  therefore i s  important 
in predicting simultaneous d i f fus ion  and reaction r a t e s .  A quant i ta t ive  measure 
of pore diffusion fo r  f i r s t -o rde r  reactions i s  given by the  effectiveness factor 
which i s  a unique function of the e f fec t ive  d i f fus iv i ty .  For microporous solids 
such as  coa l ,  there have been few measurements of e f f ec t ive  d i f fus iv i ty .  
more, the e f fec t ive  d i f fus iv i ty  changes a s  a function of coal conversion as pore 
walls are gas i f ied .  The objec t ive  of t h i s  work i s  t o  determine the changes in 
the pa r t i c l e  s t ruc ture  of coal as i t  undergoes the reac t ion ,  C + CO -t 2CO and 
t o  include the e f f ec t  of these changes in surface area and ef fec t ivg  d i f fus iv i ty  
on the overall reaction r a t e .  

A number o f  workers (1-6)  have made measurements of changes in surface area as a 
function of conversion. Most repor t  t h a t  surface area increases during reaction. 
Only Turkdogan e t  a1 (1) and Pate1 el a1 ( 7 )  have made any measurements of effec- 
t ive  d i f fus iv i ty  as a function of conversion. 
O,, and to ta l  surface a rea ,  S ,  may be expressed as functions of conversion. 
Once these functions a re  es tab l i shed ,  they can be included i n  a n  overall ra te  
expression. Recently Bhatia a n d  Perlmutter (8) a n d  Gavalas (9 )  have developed 
random pore models fo r  gas-solid reactions a t  chemically controlled r a t e s .  These 
models can be shown t o  be essen t i a l ly  identical  (10) .  
have been derived which r e l a t e  surface area t o  conversion. Bhatia and Perlmutter 
(11) have extended t h e i r  model t o  include diffusion and transport  e f f ec t s  where 
they assume t h a t  e f f ec t ive  d i f fus iv i ty  will var with the s t ruc tura l  parameters 
of the so l id  in the form De = CE/~(E) where Y ( E ~  i s  the tor tuos i ty  which varies as 
reaction proceeds. The random pore models provide a way t o  in t e rp re t  r a t e  data 
in terms o f  the measurable parameters of surface area and e f f ec t ive  d i f fus iv i ty .  

Experimental 

The experimental equipment t o  determine surface and e f f ec t ive  d i f fus iv i ty  i s  the 
same as used previously ( 1 2 ) .  The surface area device i s  a flow-type adsorption 
apparatus. 
hour. The adsorbed CO was then desorbed by heating the sample a t  120°C. This 
process was repeated a$  several r e l a t ive  C02 pressures t o  obtain an adsorption 
isotherm. 
with modifications by Medek ( 1 4 ) .  
by pulsed chromatography employing the method of moments. 
used t o  describe the mass t r ans fe r  in the chromatographic bed was the  same as  used 
previously (12 ) .  Axial dispersion and external mass t r ans fe r  coef f ic ien ts  

Further- 

The changes in e f fec t ive  d i f fus iv i ty ,  

In both cases expressions 

Surface area measurements were made by adsorbing C02 a t  0°C for  1 

The surface area was calculated using the Dubinin-Polanyi theory (13) 

The theore t ica l  model 
Effective d i f fus iv i  ty determinations were made 
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were determined from c o r r e l a t i o n s  i n  Shah and Ruthven (15)  and B i r d  (16) .  
r e s p e c t i v e l y .  From t h e  two moment equat ions t h e  a d s o r p t i o n  cons tan t  Ka and 
t h e  d i f f u s i o n  parameter De/rc2 where 0, i s  e f f e c t i v e  d i f f u s i v e l y  and rc i s  
d i f f u s i o n  l eng th  were c a l c u l a t e d .  These d i f f u s i o n  s t u d i e s  were made on LO2, 
co, CH4, and N2 over a temperature range o f  5OoC t o  250'C. 
char .  a sample o f  raw coa l  was heated a t  25"C/min t o  t h e  r e a c t i o n  temperature 
i n  a he l ium gas stream and h e l d  a t  r e a c t i o n  temperature f o r  1 hour .  The sample 
was coo led  and su r face  area and e f f e c t i v e  d i f f u s i v i t y  measurements were made 
again.  The chars produced were reheated t o  r e a c t i o n  temperature and reac ted  
w i t h  CO . A known volume o f  C02 was i n j e c t e d  and t h e  o u t l e t  gas was c o l l e c t e d  
and anafyzed t o  determine t h e  e x t e n t  o f  t he  r e a c t i o n .  The sample was then 
cooled and sur face area and e f f e c t i v e  d i f f u s i v i t y  measurements were made. The 
sample was then reheated and reac ted  again.  T h i s  procedure was repeated u n t i l  
t h e r e  was no f u r t h e r  app rec iab le  carbon convers ion.  
r a t e s  f o r  t he  char/C02 r e a c t i o n  were made u s i n g  a thermal g r a v i m e t r i c  balance. 
D e v o l a t i l  i z a t i o n  temperatures and r e a c t i o n  temperatures ranged f rom 1073K t o  
1373K. 

Resu l t s  and Discuss ion 

There a r e  s i g n i f i c a n t  changes i n  t h e  su r face  area and d i f f u s i o n  parameter as a 
r e s u l t  o f  d e v o l a t i l i z a t i o n .  
t i o n  temperatures. The char  su r face  areas are from 1.5 t o  2.0 t imes as g rea t  as 
t h e  raw coa l .  The r a t i o  o f  char /coal  su r face  area increases as d e v o l a t i l i z a t i o n  
temperatures increases and reaches a maximum a t  1273K and then  decreases. The 
inc rease  i n  sur face area rep resen ts  t h e  opening o f  pores i n a c c e s s i b l e  before 
d e v o l a t i l i z a t i o n .  Wal ls  c l o s i n g  o f f  pores are d e v o t a l i z e d  and smal l  pores 
i naccess ib le  t o  i n i t i a l  C02 adso rp t i on  a re  exposed. As t h e  d e v o l a t i l i z a t i o n  
temperature increases t o  1373K t h e  amount o f  new pores s t r u c t u r e  beoins t o  
decrease as more m a t e r i a l  i s  d e v o l a t i l i z e d .  
d i f f u s i o n  parameters f o r  N2 are  l e s s  than  one i n d i c a t i n g  t h a t  t he  new pore 
s t r u c t u r e  has a g rea te r  r e s i s t a n c e  t o  d i f f u s i o n .  
parameter increases as d e v o l a t i l i z a t i o n  temperature i nc reases  b u t  i s  s t i l l  l e s s  
than  one. 
a decrease i n  d i f f u s i o n  parameter. 

The C02/char g a s i f i c a t i o n  r e a c t i o n  causes cont inuous changes i n  t h e  pore s t r u c t u r e  
o f  t h e  char .  
and then  decreases as a f u n c t i o n  o f  convers ion.  
c o r r e l a t e d  w i t h  convers ion u s i n g  B h a t i a  and P e r l m u t t e r ' s  exp ress ion  f o r  su r face  
area as a f u n c t i o n  o f  convers ion.  
convers ion u s i n g  the  Bha t ia  and Per lmu t te r  model a t  each r e a c t i o n  temperature. 
From the  s lope and i n t e r c e p t  o f  t h e  l e a s t  squared l i n e  an i n i t i a l  su r face  area 
So, and a s t r u c t u r a l  parameter, I) were c a l c u l a t e d .  
measured i n i t i a l  su r face  areas a re  g i ven  on F igu res  1-4. 
measured i n i t i a l  su r face  areas d isagree by as low as 2.5% and as h i g h  as 33%. 
Bha t ia  and P e r l m u t t e r ' s  model i n d i c a t e s  t h a t  when the  s t r u c t u r a l  parameter (J i s  
g rea te r  t han  2 t h a t  t h e r e  i s  a maximum i n  surface area as a f u n c t i o n  o f  conversion. 
A l l  t he  va lues o f  $J determined are g r e a t e r  t han  2 and t h e  va lues o f  (J increase as 
a f u n c t i o n  o f  r e a c t i o n  temperature up t o  1273K and then  decrease a t  a r e a c t i o n  
temperature o f  1373K. Bha t ia  and P e r l m u t t e r ' s  model has n o t  been w i d e l y  tes ted ,  
and the range o f  convers ion over  which i t  a p p l i e s  has n o t  been es tab l i shed .  
The data of Hashimoto e t .  a1 ( 6 )  c o r r e l a t e d  t o  a convers ion o f  0.75 f o r  one 
char  and t o  a convers ion o f  0.3 f o r  another  char. These da ta  c o r r e l a t e  from 
convers ion o f  0.40 a t  1373K t o  0.75 a t  1173K. 

To produce 

Measurements o f  r e a c t i o n  

Table 1 g ives  these changes a t  d i f f e r e n t  devo la t i za -  

The r a t i o s  of t he  char /coal  

The r a t i o  o f  char /coal  d i f f u s i o n  

The d e v o l a t i l i z a t i o n  process produces an i nc rease  i n  su r face  area and 

S p e c i f i c  su r face  area i n i t i a l l y  i nc reases ,  passes through a maximum 
The s p e c i f i c  su r face  area was 

F igu res  1-4 a re  p l o t s  o f  su r face  areas versus 

These va lues  a long w i t h  t h e  
The c a l c u l a t e d  and 
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The calculated diffusion parameter, De/rc2, and the adsorption equilibrium constant, 
Ka for the diffusion of carbon dioxide i n  helium as a function of conversion are 
displayed i n  Table 3. 
bon monoxide, nitrogen and methane as  a function o f  conversion and a t  d i f fe ren t  
reaction temperature also were calculated b u t  are given elsewhere (17 ) .  
a n  increase in diffusion parameter with conversion. 
relationship between the adsorption constant and the diffusion parameter. 
t i ve ly ,  as the  pore s t ruc ture  becomes more open, o r  a s  the reactive core decreases 
i n  diameter, the res i s tance  of mass t ransfer  decreases. 

Walker, e t  a1 studied the diffusion of methane i n  coals and determined t h a t  diffu- 
sion i s  activated ( lE , l9) .  An Arrhenious relationship was proposed t o  explain the 
influence of temperature on the  diffusion parameter. 
and pre-exponential fac tors ,  De/rc2)o parameters were calculated from diffusion 
data obtained a t  100°C or grea te r .  The r e su l t s  are l i s t e d  i n  Table 6 f o r  char 
reacted a t  1073K. For a l l  gases the  activation energy generally decreases w i t h  
conversion, as expected, since higher energies are-associated wi.th-smail.ler-pores - 

- aTd pore entrances and with smaller reactive core r ad i i .  Pa te l ,  e t  a1 ( 7 )  also 
observed a decrease in the diffusion of methane t h r o u g h  various activated anthra- 
c i t e  coals. 
conversion a t  the other reaction temperatures a re  available elsewhere ( 1 7 ) .  
calculated ac t iva t ion  energies and pre-exponential f ac to r s ,  diffusion parameters 
were estimated a t  reaction temperatures. 
conversion and follow the order N2 > CO > CH4 > C02. 

Reaction r a t e  data for  char/COp reaction obtained using the  TGA exhibited maxima a t  
intermediate conversions. The Bhatia and Perlmutter model assuming a k ine t ica l ly  
controlled reaction a n d  rearranged in l i nea r  form was used t o  in t e rp re t  the  r a t e  
data.  Values of II, and S determined from the surface area studies were used in the 
model. Reaction r a t e  constants were cal-  
culated from the slopes of these p lo t s .  A n  Arrhenious p lo t  for the reaction r a t e  
constants i s  given i n  Figure 9. An ac t iva t ion  energy of 150 KJ/mole was calculated 
from the slope of this  p lo t .  The assumption of a k ine t ica l ly  controlled reaction 
appears to  be correct since the reaction r a t e  data in Figures 5-8 a re  l inear  as the 
Bhatia/Perlmutter model suggests and the Arrhenious p lo t  i s  l i nea r .  However, 
effectiveness fac tors  s t i l l  need t o  be calculated and t h i s  i s  currently being done 
using the Bhatia/Perlmutter model w h i c h  includes t ranspor t  e f f ec t s .  

Conclusions 

Devolati l ization r e su l t s  i n  an increase in surface area and a decrease i n  diffusion 
parameter. A maximum increase in surface area occurs a t  a devola t i l i za t ion  tempera- 
t u re  of 1273K whereas the d i f fus ion  parameters increases as  devola t i l i za t ion  temper- 
a tu re  increases. Specific surface area exhib i t s  a maximum a t  a conversion of 
approximately 0.35. 
version o f  a t  l ea s t  0.4. 
temperature of 1273K. 
u s i n g  the model of Shah and Ruthven (15) and method OF moments. 
parameter var ies  non-linearly with conversion and follows the order N 
> C02. The reaction of CO? with Wyodak char a t  temperatures between f073K and 1473K 
can be modeled by the  Bhatia/Perlmutter model assuming k ine t ic  cont ro l .  
activation energy is  150 KJ/mole. To confirm t h i s ,  however, effectiveness fac tors  
need t o  be determined from the simultaneous solution of the  equations describing 
diffusion and reaction including the functions accounting fo r  changes in d i f fus iv i ty  
and surface area as a function o f  conversion. 

The diffusion parameters and equilibrium constants fo r  car- 

There i s  

Intui-  
There appears t o  be an inverse 

Activation energies,  AHo+, 

Activation energies and pre-exponential fac tors  as a function of 
Using 

These parameters vary non-linearly with 

These data a re  p?otted i n  Figures 5-E. 

The Bhatia/Perlmutter i s  able t o  cor re la te  the d a t a  t o  a con- 
The s t ruc tura l  parameter $ has a maximum a t  reaction 

The diffusion 
The diffusion parameters, De/r 2 ,  a re  conveniently estimated 

> CO > CH 

The 
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THE REACTION OF C02 WITH COKE ON SPENT CATALYSTS 
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I n t r o d u c t i o n  

The p r o c e s s i n g  o f  r e s i d u u m  f r o m  t h e  b o t t o m  o f  t h e  c r u d e  o i l  b a r r e l  i n t o  
t r a n s p o r t a t i o n  f u e l s  h a s  become  b o t h  e c o n o m i c a l l y  a t t r a c t i v e  and 
n e c e s s a r y  a s  c r u d e  o i l  h a s  become h e a v i e r  and  more e x p e n s i v e .  I n  
p r o c e s s i n g  t h e s e  h e a v i e r  f e e d s t o c k s ,  a s  w i t h  A s h l a n d  O i l ' s  RCCSm heavy  
o i l  c o n v e r s i o n  p r o c e s s ,  more coke is p r o d u c e d  t h a n  i n  c o n v e n t i o n a l  FCC 
o p e r a t i o n s .  T r e m e n d o u s  a m o u n t s  o f  h e a t  are p r o d u c e d  d u r i n g  t h e  
r e g e n e r a t i o n  o f  c o k e d  c a t a l y s t s .  C o n v e n t i o n a l  m e t h o d s  t o  m o d e r a t e  t h e  
t e m p e r a t u r e  i n  t h e  r e g e n e r a t o r  o f  a c i r c u l a t i n g  f l u i - d i z e d  -bed i-ne-1-ude 
c o n t r o l l i n g   operational^ p a r a m e t e r -  (-eg-; - c a t / ' o i - l ,  f e e d  p r e h e a t ,  and  

_ -  ~ . ~ _ r . e a c t o r  - t e m p e r a t u r e ) ,  d i r e c t  a d d i t i o n  o f  s t e a m  a n d / o r  w a t e r  t o  t h e  
r i s e r  or r e g e n e r a t o r  ( U . S .  P a t e n t  4 , 4 0 5 , 4 4 4 ) ,  t h e  u s e  o f  m u l t i - b e d  
r e g e n e r a t o r s  (CAN P a t e n t  1 , 1 3 7 , 4 5 5 ) ,  t h e  u s e  o f  s t e a m  c o i l s  i n  t h e  
r e g e n e r a t o r ,  a n d  t h e  i n c o m p l e t e  c o m b u s t i o n  o f  coke ( U . S .  P a t e n t  
4 , 3 5 4 , 9 2 3 ) .  B e c a u s e  o f  e c o n o m i c  c o n s t r a i n t s  o n  v a r y i n g  t h e  o p e r a t i o n a l  
p a r a m e t e r s  and  m e t a l l u r g i c a l  l i m i t a t i o n s ,  a n d  t e m  e r a t u r e  s t a b i l i t y  o f  
c a t a l y s t s ,  e s p e c i a l l y  when l o a d e d  w i t h  N i  a n d  V,(?) a p r a c t i c a l  l i m i t  
t o  t h e  r e g e n e r a t o r  t e m p e r a t u r e  e x i s t s .  I n  a f u r t h e r  e f f o r t  t o  lower 
t h e  amoun t  o f  h e a t  p r o d u c e d  i n  t h e  r e g e n e r a t o r ,  o t h e r  s o l u t i o n s  t o  t h e  
p r o b l e m  were s o u g h t .  

T 
P r o g r a m  

One new a p p r o a c h  n o t  m e n t i o n e d  a b o v e  w a s  t o  employ  t h e  B o u d o u a r d  
R e a c t i o n ,  o n e  o f  t h e  p r i n c i p l e  r e a c t i o n s  s t u d i e d  f o r  many y e a r s  i n  t h e  , 
z a s u l t s  o f  a s t u d y  o f  t h e  p a r t i a l  r e g e n e r a t i o n  o f  s p e n t  ( c o k e d )  c r a c k -  
i n g  c a t a l y s t s  w i t h  C02 ( B o u d o u a r d  R e a c t i o n ) .  I t  a l s o  r e p o r t s  a s e c o n d  
a n d  e q u a l l y  i n t e r e s t i n g  r e a c t i o n  w h i c h  was  u n c o v e r e d  i n  t h e  c o u r s e  o f  

r e a c t i o n  o f  t h e  h y d r o g e n  a s s o c i a t e d  w i t h  t h e  c a r b o n  i n  t h e  " c a t a l y t i c  
coke" w i t h  C02 t o  p r o d u c e  CO a n d  w a t e r .  C a t a l y t i c  coke on  s p e n t  
c a t a l y s t  is a s p e c i e s  w h i c h  is 92-97%C and  3-8%H a n d  c o n t a i n s  m i n o r  
a m o u n t s  o f  s u l f u - r  a n d  n i t r o g e n .  

T h e  r e a c t i o n  o f  c a r b o n  w i t h  C02 t o  p r o d u c e  c a r b o n  m o n o x i d e  ( B o u d o u a r d  
R e a ~ t i o n ) ( ~ r ~ r ~ )  is e n d o t h e r m i c  a s  is w e l l  known. T h e  H - r e a c t i o n  a l s o  
a p p e a r s  to  b e  s l i g h t l y  e n d o t h e r m i c .  T h e  H - r e a c t i o n  w o u l d  lower t h e  
amoun t  o f  h e a t  p r o d u c e d  i n  t h e  r e g e n e r a t o r  i f  i t  c o u l d  be  a c h i e v e d  a t  
t h e  e x i t  t e m p e r a t u r e  of  t h e  reactor ( 1000 'F )  or a t  a s l i g h t l y  h i g h e r  
t e m p e : a t u r e  i n  t h e  s p e n t  c a t a l y s t  s t r i p p e r  s e c t i o n  by r e m o v i n g  h y d r o g e n  
b e f o r - .  i t  c a n  u n d e r g o  c o m b u s t i o n .  C a r b o n  d i o x i d e  i n  t h e  f l u e  g a s  f rom 
a n  FCC or RCC u n i t  is a v a i l a b l e  f o r  t h e s e  r e a c t i o n s .  

T h e  p e r t i n e n t  t h e r m o d y n a m i c s  p a r a m e t e r s  f o r  t h e  coke -02  a n d  coke-C02 
r e a c t i o n s  are p r e s e n t e d  i n  T a b l e  1 . ( 5 )  
B o u d o u a r d  R e a c t i o n  d o e s  n o t  f a v o r  t h e  f o r m a t i o n  o f  CO a t  t e m p e r a t u r e s  
b e l o w  1300'F.  I n  o r d e r  t o  o b t a i n  s i g n i f i c a n t  a m o u n t s  o f  Co, t e m p e r a -  
t u r e s  a b o v e  1800OF a r e  r e q u i r e d . ( 6 )  By u s e  of  a p r o m o t e r ,  s u b s t a n t i a l  

s tee l  i n d u s t r y  a s  r e l a t e d  t o  i r o n  p r o d u c t i o n .  T h i s  p a p e r  r e p o r t s  t h e  , I  

t h i s  w o r k .  The  s e c o n d  r e a c t i o n  is c a l l e d  t h e  H - r e a c t i o n ,  w h i c h  is t h e  1- I 

The  e q u i l i b r i u m  c o n s t a n t  o f  t h e  

90 



amOUntS o f  CO c a n  be p r o d u c e d  a t  1350-1400°F.  T h e  m o s t  a c t i v e  p r o m o t e r s  
o f  t h e  Boudouard  R e a c t i o n  a r e  s a l t s  o f  t h e  a l k a l i  metals a n d  t h e  m e t a l s  
Of G r o u p  V I 1 1  i n  t h e  p e r i o d i c  t a b l e ( 6 ) .  The  H - r e a c t i o n  was f o u n d  t o  
p r o c e e d  a t  a much lower t e m p e r a t u r e  t h a n  t h e  B o u d o u a r d  R e a c t i o n ,  h e n c e ,  
i t  is o f  g r e a t e r  i n t e r e s t  b e c a u s e  o f  t h e  lower t e m p e r a t u r e  a t  w h i c h  i t  
c a n  be i n i t i a t e d .  

I n  p a s t  i n v e s t i g a t i o n s  o f  t h e  B o u d o u a r d  R e a c t i o n ,  t h e  f a t e  of t h e  
h y d r o g e n  p r e s e n t  i n  v e r y  s m a l l  q u a n t i t i e s  i n  c o k e  h a s  n o t  a p p a r e n t l y  
b e e n  o f  i n t e r e s t .  ~n t h i s  i n v e s t i g a t i o n ,  a n  a t t e m p t  h a s  b e e n  made  t o  
conf i ' rm t h e  p r o d u c t i o n  o f  t h e  H20 f o r m e d  by t h e  r e a c t i o n  o f  t h e  h y d r o -  
g e n - a s s o c i a t e d  c o k e  w i t h  C02,  a n d  t o  d e t e r m i n e  t h e  lower t e m p e r a t u r e  
l i m i t  w h e r e  t h i s  r e a c t i o n  c a n  b e  u t i l i z e d .  

T h e  o b j e c t i v e s  o f  t h i s  work  were to  d e t e r m i n e :  

1 )  The metals  w h i c h  w o u l d  p r o m o t e  t h e  B o u d o u a r d  R e a c t i o n ,  b u t  d o  n o t  
a d v e r s e l y  a f f e c t  t h e  a c t i v i t y  a n d  s e l e c t i v i t y  o f  t h e  c r a c k i n g  
c a t a l y s t .  

3 )  The e f f e c t  o f  n i c k e l  a n d  v a n a d i u m ,  w h i c h  a re  d e p o s i t e d  on t h e  
c a t a l y s t  d u r i n g  t h e  c r a c k i n g  r e a c t i o n ,  a s  p r o m o t e r s  o f  t h e  
B o u d o u a r d  R e a c t i o n .  

3 )  T h e  f a t e  o f  h y d r o g e n  d u r i n g  t h e  r e a c t i o n  o f  c o k e  w i t h  C02. 

4 )  T h e  t e m p e r a t u r e  a t  w h i c h  t h e  H - r e a c t i o n  i n i t i a t e s .  

E x p e r i m e n t a l  

C a t a l y s t  s a m p l e s  w h i c h  h a d  b e e n  c o k e d  i n  a commercial c i r c u l a t i n g  
f l u i d i z e d  bed  u n i t  were i m p r e g n a t e d  w i t h  a q u e o u s  s o l u t i o n s  o f  a metal  
s a l t  ( c h l o r i d e  or n i t r a t e )  by  t h e  i n c i p i e n t  w e t n e s s  t e c h n i q u e .  T h e  
s o l u t i o n s  were p r e p a r e d  w i t h  t h e  a p p r o p r i a t e  m e t a l  s a l t  t o  g i v e  1 . 0  w t %  
a s  t h e  e l e m e n t  o n  t h e  c a t a l y s t  a f t e r  i m p r e g n a t i o n .  T h e  i m p r e g n a t e d  
c a t a l y s t s  were t h e n  d r i e d  a t  3 0 0 ° F  f o r  a t  l e a s t  t h r e e  h o u r s  b e f o r e  
t e s t i n g .  The  a c t i v i t y  o f  t h e  i m p r e g n a t e d  c a t a l y s t  t o  p r o m o t e  t h e  
B o u d o u a r d  R e a c t i o n  was d e t e r m i n e d  by m e a s u r i n g  t h e  a m o u n t  o f  c a r b o n  
w h i c h  had  r e a c t e d  d u r i n g  a 3 0  m i n u t e  t es t .  T h e  r e a c t i o n  was p e r f o r m e d  
a t  14OO0F i n  a 1" I D  V y c o r  r e a c t o r  w i t h  a t h e r m o c o u p l e  w e l l  i n  t h e  
d e n s e  p h a s e  o f  t h e  f l u i d i z e d  b e d .  Twenty  g r a m s  o f  t h e  c o k e d  metal 
i m p r e g n a t e d  c a t a l y s t  w a s  h e a t e d  t o  t h e  r e a c t i o n  t e m p e r a t u r e  a n d  e q u i l i -  
b r a t e d  i n  a stream o f  h e l i u m .  C a r b o n  d i o x i d e  was t h e n  i n t r o d u c e d  a t  a 
c o n s t a n t  r a t e  o f  1 . 7  s c f h .  T h e  CO c o n c e n t r a t i o n  i n  t h e  p r o d u c t  g a s e s  
was m o n i t o r e d  a t  r e g u l a r  i n t e r v a l s  b y  g a s  c h r o m a t o g r a p h y .  A f t e r  e a c h  
t e s t ,  t h e  c a t a l y s t  was c o o l e d  i n  h e l i u m  a n d  t h e  % C  l e f t  on  t h e  c a t a l y s t  
was d e t e r m i n e d .  

I n  o r d e r  t o  s t u d y  t h e  H - r e a c t i o n ,  t h e  c a t a l y s t  was h e a t e d  t o  600°F fo r  
o n e  h o u r  i n  h e l i u m  t o  remove p h y s i c a l l y  a d s o r b e d  water. A f t e r  c o o l i n g  
t o  1 0 0 ° F  i n  h e l i u m ,  t h e .  c a t a l y s t  was h e a t e d  i n  C02 t o  t h e  d e s i r e d  
t e m p e r a t u r e ,  9 0 0 - 1 4 0 0 ° F ,  o v e r  a 30 m i n u t e  p e r i o d ,  a n d  t h e n  h e l d  a t  
t h i s  t e m p e r a t u r e  f o r  a n  a d d i t i o n a l  3 0  m i n u t e s .  T h e  m o i s t u r e  c o n t e n t  of 
t h e  g a s  s t ream was m e a s u r e d  o v e r  t h e  e n t i r e  6 0  m i n u t e  test w i t h  a Shaw 
h y g r o m e t e r  ( M o d e l  S H ) ,  w h i c h  w a s  e q u i p p e d  w i t h  a g o l d  s p o t  s e n s o r .  
T h i s  s e n s o r  w a s  c a p a b l e  o f  m e a s u r i n g  dew p o i n t s  b e t w e e n  -58OF a n d  
+68'F. The  amount  Of H20 p r o d u c e d  d u r i n g  t h e  H - r e a c t i o n  was c a l c u l a t e d  
by  i n t e g r a t i n g  t h e  p l o t  o f  dew p o i n t  v s .  t i m e .  
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R e s u l t s  a n d  D i s c u s s i o n  

A .  M e t a l  P r o m o t e r s  f o r  t h e  B o u d o u a r d  R e a c t i o n  

A w i d e  v a r i e t y  o f  m e t a l  s a l t s  h a v e  b e e n  t e s t e d  a s  p o s s i b l e  p r o m o t e r s  
f o r  t h e  B o u d o u a r d  R e a c t i o n .  T h e  r e s u l t s  o f  t h e  s c r e e n i n g  tests showed 
t h a t  t h e  most a c t i v e  promoters were t h e  a l k a l i  metals a n d  t h e  m e t a l s  of 
Group  V I I I ,  w h i c h  a g r e e d  w i t h  e a r l i e r  l i t e r a t u r e  r e p o r t s ( 6 ) .  The 
s c r e e n i n g  t e s t s  c o n s i s t e d  o f  i m p r e g n a t i n g  e a c h  metal  o n t o  t h e  coked 
c a t a l y s t  and  t h e n  d e t e r m i n i n g  i ts  a c t i v i t y  by m e a s u r i n g  t h e  % C  on t h e  
c a t a l y s t  a f t e r  c o n t a c t  w i t h  C02 f o r  30 m i n u t e s .  Each p r o m o t e r  was 
t e s t e d  o n  t h e  same s p e n t  c a t a l y s t  (N i+V = 5900 ppm) .  The m e t a l s  were 
d i v i d e d  i n t o  t h r e e  classes ( T a b l e  2 )  b a s e d  o n  t h e i r  a c t i v i t y  t o  p romote  
t h e  B o u d o u a r d  R e a c t i o n .  

An i m p o r t a n t  r e q u i r e m e n t  o f  t h i s  i n v e s t i g a t i o n  w a s  t h a t  t h e  c r a c k i n g  
a c t i v i t y  a n d  s e l e c t i v i t y  o f  t h e  c a t a l y s t  s h o u l d  n o t  b e  a f f e c t e d  by t h e  
p r o m o t e r .  T h e  c r a c k i n g  a c t i v i t y  a n d  s e l e c t i v i t y  were m e a s u r e d  by a 
s t a n d a r d  m i c r o - a c t i v i t y  t es t  (MAT) ( ' ) .  
ll-OO°F f o r  2 h o u r s  t o  remove  a t 1  of - t h e  c o k e  b e f o r e  r u n n i n g  t h e  MAT. 
The  h i g h e s t  a c t i v i t y  p r o m o t e r s  i n  T a b l e  2 were e v a l u a t e d  by t h e  MAT. 
The  r e s u l t s  o f  t h e  MAT e v a l u a t i o n  a r e  g i v e n  i n  T a b l e  3 .  C a t a l y s t  
c r a c k i n g  a c t i v i t y  is r e l a t e d  t o  t h e  MAT c o n v e r s i o n ,  a n d  s e l e c t i v i t y  is 
r e l a t e d  t o  t h e  coke p r o d u c i n g  f a c t o r  (CPF)  a n d  h y d r o g e n  p r o d u c i n g  
f a c t o r  ( H P F ) .  T h e  CPF or HPF is d e f i n e d  a s  t h e  r a t i o  o f  t h e  amount  of 
c o k e  or h y d r o g e n  p r o d u c e d  d u r i n g  t h e  t e s t  t o  t h e  amoun t  p r o d u c e d  w i t h  a 
s t a n d a r d  c a t a l y s t  a t  t h e  same  c o n v e r s i o n .  

A c o m p a r i s o n  of  T a b l e  2 a n d  3 showed  t h a t  w h i l e  t h e  l i t h i u m  p r o m o t e d  
c a t a l y s t  e x h i b i t e d  t h e  h i g h e s t  a c t i v i t y  f o r  t h e  B o u d o u a r d  R e a c t i o n ,  t h e  
c r a c k i n g  a c t i v i t y ,  a s  e x p e c t e d ,  h a d  b e e n  d r a s t i c a l l y  r e d u c e d  by t h e  
a d d i t i o n  o f  l i t h i u m .  Of t h e  o t h e r  p r o m o t e r s  i n  t h e  h i g h e s t  a c t i v i t y  
g r o u p  o f  T a b l e  2 ,  c o p p e r  a n d  s t r o n t i u m  were s e l e c t e d  f o r  f u r t h e r  s t u d y  
b a s e d  o n  t h e  MAT r e s u l t s .  B a r i u m  w a s  a l s o  s e l e c t e d  f o r  f u r t h e r  s t u d y  
e v e n  t h o u g h  o n  th 'e  s t a n d a r d  c a t a l y s t  t h e  a c t i v i t y  was  i n  t h e  l o w e s t  
c l a s s .  A t  Ni+V c o n c e n t r a t i o n s  g r e a t e r  t h a n  8000 ppm, b a r i u m  d i d  e x h i b -  
i t  s u b s t a n t i a l  a c t i v i t y  f o r  t h e  B o u d o u a r d  R e a c t i o n .  

L i t h i u m  b e c a u s e  o f  i t s  d e l e t e r i o u s  e f f e c t  on  c r a c k i n g  a c t i v i t y ,  and 
r h o d i u m ,  b e c a u s e  of its cos t ,  were n o t  c o n s i d e r e d  p o s s i b l e  p r o m o t e r s  a t  
t h e  1 .0  w t %  a n d  0.5 w t %  l e v e l s ,  r e s p e c t i v e l y .  I n  a n  a t t e m p t  t o  u s e  
t h e s e  h i g h  a c t i v i t y  p r o m o t e r s ,  t h e  e f f e c t  o f  p r o m o t e r  c o n c e n t r a t i o n  on 
a c t i v i t y  w a s  e x a m i n e d  ( T a b l e  4 ) .  A t  f e a s i b l e  c o n c e n t r a t i o n s  o f  t h e  
promoters ( 0 . 1 %  L i  a n d  5 ppm R h ) ,  t h e i r  a c t i v i t y  had  d e c r e a s e d  t o  a 
l e v e l  c o m p a r a b l e  t o  t h e  u n p r o m o t e d  r e a c t i o n .  

T h e  e f f e c t  o f  t h e  c o n t a m i n a n t  meta ls  ( N i  a n d  V ) ,  w h i c h  were d e p o s i t e d  
o n  t h e  c a t a l y s t  d u r i n g  t h e  c r a c k i n g  r e a c t i o n ,  o n  t h e  a c t i v i t y  o f  t h e  
v a r i o u s  promoters was  i n v e s t i g a t e d .  E a c h  p r o m o t e r  was  i m p r e g n a t e d  on 
V a r i o u s  s p e n t  e q u i l i b r i u m  c a t a l y s t  s a m p l e s .  The  r e s u l t s  o f  t h e s e  tes ts  
were p l o t t e d  a s  % C  o n  c a t a l y s t  a f t e r  t h e  30 m i n u t e  test  ( n o r m a l i z e d  t o  
1 . 0  w t %  C i n i t i a l l y  o n  t h e  c a t a l y s t )  v e r s u s  Ni+V ( F i g u r e s  1-3 f o r  
c o p p e r ,  s t r o n t i u m  a n d  b a r i u m  p r o m o t e d  c a t a l y s t s ,  r e s p e c t i v e l y ) .  Each 
m e t a l  p r o m o t e d  t h e  B o u d o u a r d  R e a c t i o n  t o  a g r e a t e r  e x t e n t  as t h e  
c o n c e n t r a t i o n  o f  Ni+V i n c r e a s e d .  The  p r o m o t e r  a n d  t h e  c o n t a m i n a n t  
m e t a l s  e x h i b i t e d  a s y n e r g i s t i c  e f f e c t  on  i n c r e a s i n g  t h e  ra te  o f  t h e  
Boudouard  R e a c t i o n .  The  c i r c l e d  d a t a  p o i n t s  i n  F i g u r e s  1-3  s u p p o r t e d  
t h e  i d e a  of s y n e r g i s m .  T h e s e  d a t a  p o i n t s  were t h e  r e s u l t s  of e x p e r i -  
m e n t s  i n  w h i c h  t h e  N i / V  r a t i o  on  t h e  c a t a l y s t  w a s  e q u a l  t o  o n e .  The 
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r e m a i n i n g  d a t a  p o i n t s ,  t h o s e  t h a t  f a l l  o n  t h e  c u r v e s ,  were t h e  r e s u l t s  
O f  e x p e r i m e n t s  i n  w h i c h  t h e  p r o m o t e r s  were i m p r e g n a t e d  on  c a t a l y s t s  
w i t h  N i / V  r a t i o s  e q u a l  t o  1 / 3 .  The  c i r c l e d  d a t a  p o i n t s  showed ,  a t  
c o m p a r a b l e  metals l e v e l s ,  t h a t  less coke had u n d e r g o n e  r e a c t i o n  w i t h  
c o 2  i n  t h e  c a t a l y s t s  w i t h  lower v a n a d i u m  c o n c e n t r a t i o n s .  Vanad ium,  
when i m p r e g n a t e d  on  s p e n t  c a t a l y s t ,  e x h i b i t e d  m o d e r a t e  a c t i v i t y  ( 3 5 %  
c a r b o n  r e m o v a l  o n  a c a t a l y s t  c o n t a i n i n g  5900  ppm Ni+V) .  Nickel  a n d  
v a n a d i u m ,  d e p o s i t e d  on  t h e  c a t a l y s t  d u r i n g  t h e  c r a c k i n g  r e a c t i o n ,  
p r o m o t e d  t h e  Boudouard  R e a c t i o n  o n l y  when t h e  t o t a l  c o n c e n t r a t i o n  o f  
t h e s e  m e t a l s  was g r e a t e r  t h a n  8000 ppm. A t  Ni+V c o n c e n t r a t i o n s ,  a b o v e  
1 5 , 0 0 0  ppm, t h e s e  m e t a l s  p r o m o t e  t h e  Boudouard  R e a c t i o n  t o  t h e  same 
e x t e n t  a s  t h e  h i g h e s t  a c t i v i t y  m e t a l s  (see F i g u r e  4 ) .  

I n  t h e  p r e v i o u s  e x p e r i m e n t s ,  t h e  c a t a l y s t  s a m p l e s  were i m p r e g n a t e d  w i t h  
t h e  p r o m o t e r  a f t e r  t h e  c a t a l y s t  w a s  d e a c t i v a t e d  w i t h  c o k e .  However ,  i n  
a c o m m e r i c a l  p r o c e s s ,  t h e  p r o m o t e r  c o u l d  be  d e p o s i t e d  o n  t h e  c a t a l y s t  
d u r i n g  m a n u f a c t u r e  or d u r i n g  t h e  p r o c e s s .  A series o f  e x p e r i m e n t s  w e r e  
p e r f o r m e d  t o  c o m p a r e  t h e  a c t i v i t y  o f  b a r i u m  i m p r e g n a t e d  on t h e  c a t a l y s t  
b e f o r e  c o k i n g  a n d  a f t e r  c o k i n g .  T h e  c o n c l u s i o n  was t h a t  b a r i u m  
e x h i b i t e d  a h i g h e r  a c t i v i t y  when t h e  metal  w a s  i m p r e g n a t e d  b e f o r e  t h e  
c a t a l y s t  was d e a c t i v a t e d  ( see  T a b l e  5 ) .  

A ser ies  o f  e x p e r i m e n t s  were p e r f o r m e d  t o  tes t  t h e  a b i l i t y  o f  a b a r i u m  
p r o m o t e d  c a t a l y s t  (Ni+V = 1 2 , 6 0 0  ppm) t o  m a i n t a i n  a c t i v i t y  o v e r  t e n  
c o k i n g - r e g e n e r a t i o n  c y c l e s .  Each  c y c l e  c o n s i s t e d  o f ,  f i r s t ,  c o k i n g  t h e  
r e g e n e r a t e d  c a t a l y s t  w i t h  a vacuum g a s  o i l  a t  9 0 0 ° F ,  t h e n  a l l o w i n g  t h e  
s p e n t  c a t a l y s t  t o  r e a c t  w i t h  C02 f o r  30 m i n u t e s  a t  1400°F, a n d  f i n a l l y ,  
r e g e n e r a t i n g  t h e  c a t a l y s t  w i t h  a i r  a t  1200 'F .  I n  F i g u r e  5 ,  t h e  p e a k  
h e i g h t  of  CO i n  t h e  GC a n a l y s i s  o f  t h e  p r o d u c t  g a s  s t r e a m  p l o t t e d  
a g a i n s t  t h e  number o f  c o k i n g - r e g e n e r a t i o n  c y c l e s .  T h e  amoun t  o f  CO i n  
t h e  g a s  s t r e a m  was d e t e r m i n e d  5 t i m e s  ( a t  2 ,  9 ,  1 6 ,  2 3  a n d  30 m i n u t e s )  
d u r i n g  coke-CO2 r e a c t i o n .  The  a c t i v i t y  o f  t h e  p r o m o t e r  d e c r e a s e d  
s l i g h t l y  o v e r  t h e  t e n  c y c l e s .  

B .  H-Reac t ion  S t u d i e s  

C o k e  h a s  a c o m p o s i t i o n  i n  t h e  r a n g e  o f  92 -97% C and  3-8% H ( 8 )  w i t h  
t r a c e  a m o u n t s  o f  n i t r o g e n  a n d  s u l f u r .  I n  p r e v i o u s  r e p o r t s ( 9 r 1 ° )  on  
p r o m o t i n g  t h e  Boudouard  R e a c t i o n ,  t h e  h y d r o g e n  i n  c o k e  h a s  e i t h e r  been  
a s s u m e d  n o t  t o  react  w i t h  C02 or n o t  m e n t i o n e d .  Hydrogen  i n  t h e  coke 
o n  s p e n t  c a t a l y s t  w a s  c a l c u l a t e d  t o  be  r e s p o n s i b l e  f o r  15-25% o f  t h e  
h e a t  g e n e r a t e d  d u r i n g  t h e  r e g e n e r a t i o n  o f  c a t a l y s t  s p e n t .  I n  t h i s  
i n v e s t i g a t i o n ,  t h e  h y d r o g e n  i n  coke w a s  f o u n d  t o  r e a c t  w i t h  C02 t o  
p r o d u c e  w a t e r  a c c o r d i n g  t o  t h e  r e a c t i o n  s e q u e n c e :  

CyHx + C 0 2  ---> CyHx-2 + CO + H20 ( H - r e a c t i o n )  

W h i l e  t h e  e n t h a l p y  c h a n g e  f o r  t h i s  r e a c t i o n  h a s  n o t  b e e n  d e t e r m i n e d ,  i t  
is  b e l i e v e d  t o  be  c o n s i d e r a b l y  more e n d o t h e r m i c  t h a n  f o r  t h e  c o m b u s t i o n  
r e a c t i o n .  By a l l o w i n g  t h e  , H - r e a c t i o n  t o  o c c u r ,  t h e  amount  o f  h y d r o g e n  
w h i c h  m u s t  u n d e r g o  c o m b u s t i o n  i n  t h e  r e g e n e r a t o r  s e c t i o n  of a f l u i d i z e d  
r e a c t o r  s y s t e m  w o u l d  b e  d e c r e a s e d ,  t h u s ,  l ess  h e a t  w o u l d  t h e n  be  
p r o d u c e d  i n  t h e  r e g e n e r a t o r .  

W i t h  a h y g r o m e t e r  i n s e r t e d  i n t o  t h e  p r o d u c t  g a s  s t r e a m  l i n e ,  t h e  amoun t  
o f  w a t e r  i n  t h e  p r o d u c t  g a s  s t r e a m ,  a s  m e a s u r e d  by t h e  dew p o i n t  ( i n  



O c ) ,  was d e t e r m i n e d .  The  c o n c e n t r a t i o n  o f  W a t e r  i n  t h e  g a s  s t r e a m  was 
d e t e r m i n e d  by t h e  e q u a t i o n :  

l o g  ( H 2 0  i n  ppm) = 1 3 . 3 3  - 261.3/Dew P o i n t  ( O K )  

A c o m p a r i s o n  o f  t h e  amoun t  o f  H20 p r o d u c e d  d u r i n g  t h e  r e a c t i o n  of  co2 
w i t h  .a c o k e d  a n d  a r e g e n e r a t e d  c a t a l y s t  is  g i v e n  i n  F i g u r e  6 .  The 
d i f f e r e n c e  i n  t h e  t w o  p l o t s  is a m e a s u r e  o f  t h e  amoun t  o f  w a t e r  p ro -  
d L z e d  by t h e  H - r e a c t i o n .  T h e  w a t e r  o b s e r v e d  i n  t h e  dew p o i n t  p l o t  of 
t h e  r e g e n e r a t e d  c a t a l y s t  is a t t r i b u t e d  t o  c a t a l y s t  d e h y d r o x y l a t i o n  a t  
1400OF. w i t h  t h i s  t e c h n i q u e ,  t h e  amoun t  o f  h y d r o g e n  i n  c o k e  on  a 
c a t a l y s t  is f o u n d  t o  b e  b e t w e e n  3-10%. The  r a n g e  i n  t h i s  v a l u e  is t h e  
r e s u l t  o f  u n c e r t a i n t y  i n  t h e  amount  o f  h y d r o g e n  i n  t h e  c o k e  w h i c h  d i d  
n o t  r e a c t  d u r i n g  t h e  3 0  m i n u t e  t e s t .  

C. I n i t i a t i o n  T e m p e r a t u r e  o f  t h e  H - R e a c t i o n  
~. 

~~ 
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-~ ~ ~~ One o f  t h e - p o t e n - t i a l l y  u s e f u l  a s p e c t s  o f  t h e  H - r e a c t i o n  is t h a t  i t  
c o u l d  be made  t o  o c c u r  i n  t h e  r e a c t o r  ( s p e n t  c a t a l y s t )  s t r i p p e r  of  t h e  
RCCSm p r o c e s s  u n i t .  T h e  t e m p e r a t u r e  o f  t h e  C a t a l y s t  i n  t h e  s t r i p p e r  
is u s u a l l y  b e t w e e n  900-1050°F .  The t h e r m o d y n a m i c s  o f  t h e  H - r e a c t i o n  
a s  compared  t o  t h e  w a t e r  g a s  s h i f t  r e a c t i o n  i n d i c a t e s  t h a t  h y d r o g e n  i n  
c o k e  w i l l  r e a c t  a t  t e m p e r a t u r e s  w i t h i n  t h i s  r a n g e .  C a r b o n  d i o x i d e  
c o u l d  e a s i l y  be  u s e d  e i t h e r  i n  p l a c e  o f  or i n  c o n j u n c t i o n  w i t h  s t e a m  a s  
a s t r i p p e r  g a s .  The  a d v a n t a g e  of r e a c t i n g  h y d r o g e n  i n  t h e  s t r i p p e r  i n  
t h e  RCCSm p r o c e s s  u n i t  is a p p a r e n t  f r o m  t h e  d a t a  i n  F i g u r e  7 .  T h i s  
f i g u r e  s h o w s  t h e  r e l a t i o n s h i p  f o r  a p a r t i c u l a r  se t  o f  u n i t  o p e r a t i n g  
c o n d i t i o n s  b e t w e e n  C o n r a d s o n  c a r b o n  i n  t h e  f e e d ,  t h e  w a t e r  a d d i t i o n  t o  
t h e  r i se r ,  a n d  t h e  h y d r o g e n  c o n t e n t  i n  t h e  c o k e  i n  o r d e r  t o  m a i n t a i n  
t h e  RCCSm process u n i t  i n  h e a t  b a l a n c e  a t  a CO2/CO r a t i o  i n  t h e  f l u e  
g a s  e q u a l  t o  o n e .  By l o w e r i n g  t h e  h y d r o g e n  c o n t e n t  i n  coke, f e e d s t o c k s  
w i t h  h i g h e r  C o n r a d s o n  c a r b o n  v a l u e s  c a n  be  p r o c e s s e d  w i t h  t h e  h e a t  

~ b a l a n c e  b e i n g  m a i n t a i n e d  i n  t h e  RCC u n i t .  

The  t e m p e r a t u r e  a t  w h i c h  a m e a s u r a b l e  amoun t  o f  water is p r o d u c e d  by 
t h e  H - r e a c t i o n  h a s  b e e n  d e t e r m i n e d .  T h e  i n i t i a t i o n  t e m p e r a t u r e  was  
d e t e r m i n e d  by a series o f  t e m p e r a t u r e s  i n  w h i c h  t h e  c a t a l y s t  w a s  h e a t e d  
t o  a p r e d e t e r m i n e d  t e m p e r a t u r e  ( e g . ,  g o o " ,  1000°, 1400OF)  i n  C02 and  
t h e  amount  o f  w a t e r  p r o d u c e d  d u r i n g  t h e  C02 r e a c t i o n  was  m e a s u r e d .  
B e f o r e  e a c h  t es t ,  t h e  c a t a l y s t  was  h e a t e d  t o  6 0 0 ° F  i n  a n  a t t e m p t  t o  
r emove  p h y s i c a l l y  a d s o r b e d  water. The  r e s u l t s  o f  t h e s e  e x p e r i m e n t s  a r e  
shown i n  F i g u r e  8 .  The s e t  o f  dew p o i n t  p l o t s  show t h a t  s u b s t a n t i a l l y  
more w a t e r  is p r o d u c e d  a t  l O O O ' F  a n d  1400 'F  t h a n  a t  9 0 0 ° F .  Tempera-  
t u r e s  b e t w e e n  80O0-9OO0F g i v e  i d e n t i c a l  dew p o i n t  p lo t s  t o  t h e  o n e  a t  
900'F.  T h e s e  d a t a  i n d i c a t e  t h a t  t h e  r a t e  o f  t h e  H - r e a c t i o n  becomes  
m e a s u r a b l e  b e t w e e n  9 0 0 °  a n d  1 4 0 0 ° F .  T h e  s o u r c e  o f  t h e  w a t e r  i n  t h e  dew 
p o i n t  p l o t s  o b t a i n e d  a t  r e a c t i o n  t e m p e r a t u r e  b e l o w  900OF is b e l i e v e d  t o  
b e  a d s o r b e d  w a t e r .  

A ser ies  o f  e x p e r i m e n t s  i n  a p r o d u c t  d i s t r i b u t i o n  u n i t  (PDU) were p e r -  
f o r m e d  t o  q u a n t i f y  t h e  amoun t  o f  w a t e r  p r o d u c e d  by t h e  H - r e a c t i o n .  The 
PDU is  a homogeneous  f l u i d  b e d  reactor w h i c h  u s e s  a l i t e r  of  c a t a l y s t .  
T h e  l a r g e r  vo lume  o f  c a t a l y s t  allows f o r  a more a c c u r a t e  d e t e r m i n a t i o n  
of t h e  water p r o d u c e d  by t h e  h y d r o g e n  r e a c t i o n .  T h e  c a t a l y s t  was  h e a t -  
e d  i n  t h e  r e a c t o r  a t  1 2 5 0 ° F  i n  d r y  0 2  f r e e  N2 o v e r n i g h t  to  remove  a l l  
a d s o r b e d  a n d  c h e m i c a l  w a t e r .  The c a t a l y s t  w a s  t h e n  c o k e d  w i t h  a 
r e d u c e d  c r u d e  o i l  a n d  t h e  e n t r a i n e d  h y d r o c a r b o n s  were s t r i p p e d  f r o m  t h e  
c a t a l y s t  w i t h  N2. A t  t h i s  p o i n t ,  C02 w a s  i n t r o d u c e d  i n t o  t h e  reactor ,  
a t  e i t h e r  1000° o r  110OOF. T h e  p r o d u c t  g a s e s  f rom t h e  H - r e a c t i o n  were 
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m o n i t o r e d  f o r  t h e i r  w a t e r  c o n t e n t  c o n t i n u o u s l y .  A f t e r  t w o  h o u r s ,  t h e  
C02 was S t o p p e d  a n d  a i r  was i n t r o d u c e d  i n t o  t h e  reactor t o  b u r n  t h e  
r e m a i n i n g  h y d r o g e n  o f f  t h e  c a t a l y s t .  T h e  a m o u n t  o f  h y d r o g e n  w h i c h  had 
reac ted  w i t h  Co2 w a s  c a l c u l a t e d  by  c o m p a r i n g  t h e  w a t e r  p r o d u c e d  by t h e  
H - r e a c t i o n  to  t h e  water  p r o d u c e d  by t h e  c o m b u s t i o n  r e a c t i o n .  From 
t h e s e  c a l c u l a t i o n s ,  i t  w a s  f o u n d  t h a t  4% o f  t h e  h y d r o g e n  i n  t h e  c o k e  on 
t h e  c a t a l y s t  reacts  a t  1 0 0 0 ° F ,  w h i l e  a t  l l O O ° F ,  1 0 %  o f  t h e  h y d r o g e n  i n  
t h e  c o k e  o n  t h e  c a t a l y s t  h a s  r e a c t e d .  

C o n c i u s i o n s  

T h i s  r e p o r t  d e s c r i b e s  a n  i n v e s t i g a t i o n  i n t o  a n o v e l  m e t h o d  t o  lower t h e  
a m o u n t  o f  h e a t  p r o d u c e d  i n  t h e  r e g e n e r a t o r  o f  a n  RCCSm p r o c e s s  u n i t .  
T h r e e  metal  p r o m o t e r s  ( C u ,  S r  a n d  Ba) were f o u n d  f o r  t h e  B o u d o u a r d  
R e a c t i o n  w h i c h  a l l o w e d  t h e  r e a c t i o n  t o  o c c u r  a t  1 4 0 0 ° F  w i t h o u t  s e v e r e l y  
a f f e c t i n g  t h e  c r a c k i n g  a c t i v i t y  o f  t h e  c a t a l y s t .  A n o t h e r  p r o m i s i n g  
r e s u l t  o f  t h i s  i n v e s t i g a t i o n  was t h a t  a f r a c t i o n  o f  t h e  h y d r o g e n  i n  
c o k e  r eac t s  w i t h  C02 a t  1000 'F .  A t  t h i s  t e m p e r a t u r e ,  a p o r t i o n  o f  
h y d r o g e n  c o u l d  b e  removed f r o m  t h e  c a t a l y s t  i n  t h e  reac tor  s t r i p p e r ,  
t h e r e b y  l o w e r i n g  t h e  a m o u n t  o f  h y d r o g e n  i n  c o k e  w h i c h  m u s t  b e  b u r n e d  
o f f  t h e  c a t a l y s t .  T h i s  w o u l d  a l low f o r  t h e  p r o c e s s i n g  o f  h e a v i e r  
f e e d s t o c k s  i n  a n  RCCSm p r o c e s s  u n i t ,  w h i l e  m a i n t a i n i n g  m o d e r a t e  
t e m p e r a t u r e s  i n  t h e  r e g e n e r a t o r .  
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T a b l e  1 

T h e r m o d y n a m i c  P a r a m e t e r s  

R e a c t i o n  

c + 1 / 2  0 2  +co 
c + 0 2  + c o 2  

c + CO2 -2co 
H2 + 1 / 2  0 2  e H 2 0  

H2 + C02 e H 2 0 + C O  

H ( k c a l / m o l e )  G ( k c a l / m o l e )  
a t  298'K a t  1000°K a t  1000°K 

-26 .42  -26 .17  
-94 .05  -94 .32  
-57 .80  -59 .24  
+ 4 1 . 2 1  + 4 0 . 7 8  
+ 9 . 8 3  + 8 . 3 1  

-47 .95  
-94 .61  
-46 .04  
- 1 . 2 9  
+ 0 . 6 2  

L i  
co 

N i  
Rh ( 0 . 5  w t % )  
Fe 
Na 
Ru ( 0 . 5  w t % )  
S r  

c u c 1 2  

C u ( N 0 3 ) 2  

M o d e r a t e  A c t i v i t y  

V 
Ag 
B i  

Classes  of B o u d o u a r d  R e a c t i o n  P r o m o t e r s  

% C o k e  R e a c t e d  Low A c t i v i t y  % Coke R e a c t e d  

6 9  
55 
5 5  
5 3  
5 3  
5 2  
5 2  
5 2  
46  
4 2  

3 5  
3 1  
30  

MO 
Sn  
Ca 
T i  
C r  
La 
Y 
Zn 
Zr 
U 
B 
Ba 
cs 
K 
I n  
Mn 
Cd 
None 
W 
Sb 

29 
28 
27 
2 5  
25  
25  
2 5  
24 
24 
23  
22 
22 
22 
20 
20 
20 
1 6  
1 5  
1 5  
9 

C a t a l y s t  - S u p e r  DX w/1.10% C 
T e m p e r a t u r e  - 76OoC 
R e a c t i o n  T i m e  - 30  m i n u t e s  
P r o m o t e r  C o n c e n t r a t i o n  - 1 . 0  w t %  e x c e p t  w h e r e  n o t e d  
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1 

P r o m o t e  r 

None 
L i  

7 

B a  
F e  
N i  
L i  

7 

\ 

T a b l e  3 

MAT R e s u l t s  of P r o m o t e d  C a t a l y s t s  

C o n c e n t r a t i o n  ( w t %  C o n v e r s i o n  (vel)(%) 

0 
1 . 0  
1 . 0  
1 .o 
1 . 0  
1 .o 
1 . 0  
1 . 0  
0 .5  

6 1  
10  
6 5  
62  
50 
56 
52  
5 3  
16  

HP F CPF 

1 . 2  1 3  
3 .9  10 

- - 

1.5 17  
1 .6  1 8  
1 . 2  1 0  
1.1 9 
2 .3  22 
3 .2  33  
3.7 11 

T a b l e  4 

The  E f f e c t  of P r o m o t e r  C o n c e n t r a t i o n  on  t h e  B o u d o u a r d  R e a c t i o n  

L i  Conc .  ( w t % )  

1 . 0  
0 .5  
0 . 3 3  
0 . 1  

Rh Conc .  ( p p m )  

5000 
5 0 0  

50 
5 

% Coke  R e a c t e d  

69  
44 
35  
25  

53 
4 4  
26 
17  

T a b l e  5 

S e q u e n c e  o f  P r o m o t e r  A d d i t i o n  

C a t a l y s t  %C R e a c t e d  S e q u e n c e  

1 . 0  w t %  Ba on  C a t a l y s t  X . 64  
1 . 0  w t %  Ba on  C a t a l y s t  X . 7 1  

Coke  o v e r  Ba 
B a  o v e r  C o k e  

1 . 0  w t %  B a  on  C a t a l y s t  G . 74  .Coke  o v e r  B a  
1 . 0  w t %  Ba on  C a t a l y s t  G .84  B a  o v e r  C o k e  
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A 
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Figure 6.  The Ef fect  of Repeated Coking-Regeneration Cycler 
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P O  

1 
0 
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- 1 6  

- 6 0  
0 2 0  4 0  B O  

Time ( m i n )  

--- B p e n t  C m t a l y a t  - R o o o n o r a t e d  C e t o l y e t  

Flguru 6. M-Reaction ComParlcon of Spent and Regenoreted Catalysts 
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HEAT BALANCE IN RCC UNIT 
FUNCTION OF: CONCARBON. nao A D O ’ N , ~  IN COKE, 
cop/co RATIO=H 

Figure 7 .  noat Balance In RCC Unlt 

2 0  

- 1 6  

- s a  

1000°F 
140OOF 

0 2 0  4 0  6 0  

T i m e  ( m l n )  

Flgure 8. Initiation Temperature of the H-Reaction 
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COAL WEATHERING: CAUSES, EFFECTS AND IMPLICATIONS 

John L. Cox and Char les  R .  Nelson 

Gas Research I n s t i t u t e  
8600 West Bryn Mawr Avenue 

Chicago, I l l i n o i s  60631 

INTRODUCTION 

I f  i t  i s  meaningful t o  s i n g l e  out  one c h a r a c t e r i s t i c  of c o a l  a s  having unique 
importance, t h a t  d e s i g n a t i o n  would have t o  go t o  t h e  dynamic n a t u r e  of c o a l ' s  
chemical and p h y s i c a l  p r o p e r t i e s .  
c o a l  can and o f t e n  do undergo s u b s t a n t i a l  changes a f t e r  removal of t h e  coa l  
from i t s  n a t u r a l  environment. This  phenomenon is known a s  weathering and can 
a l t e r  t h e  c o a l ' s  c a l o r i f i c  va lue ,  b e n e f i c i a t i o n ,  coking,  l i q u e f i c a t i o n ,  and 
g a s i f i c a t i o n  c h a r a c t e r i s t i c s .  Weathering a l s o  i n f l u e n c e s  s tandard  t e s t s  and 
o t h e r  experimental  r e s u l t s ,  and t h u s  has  important  i m p l i c a t i o n s  with respect  
t o  fundamental r e s e a r c h  on t h e  s t r u c t u r e  and p r o p e r t i e s  of c o a l .  This  shor t  
review focuses  on t h e  incomplete  s t a t e  of o u r  knowledge of t h e  causes ,  e f f e c t s  
and i m p l i c a t i o n s  of c o a l  weather ing.  

The chemical  and p h y s i c a l  p r o p e r t i e s  of 

-~ 

CAUSES AND EFFECTS OF COAL WEATHERING 

Weathering commences once t h e  c o a l  i s  unearthed and/or  removed from the  coa l  
seam u n l e s s  p r e c a u t i o n s  a r e  taken  t o  prevent  i t s  exposure t o  oxygen ( a i r )  and 
changes i n  temperature  and humidity. 
subsequent r e a c t i o n  wi th  t h e  oxygen i n  a i r  is  recognized as t h e  m o s t  important 
c o n t r i b u t o r  t o  weather ing.  The r e a c t i o n  of t h e  c o a l  w i t h  oxygen occurs  
r e a d i l y  a t  ambient tempera ture ,  r e s u l t s  p r i m a r i l y  i n  o x i d a t i o n  of t h e  c o a l ' s  
organic  c o n s t i t u t e n t s ,  and l e a d s  t o  an i n c r e a s e  i n  t h e  oxygen content  and a 
decrease i n  t h e  atomic hydrogen-to-carbon r a t i o  of t h e  c o a l  (1-5). 

The genera l  o u t l i n e s  of t h e  o x i d a t i o n  of c o a l ' s  o rganic  c o n s t i t u e n t s  by oxygen 
have been w e l l  c h a r a c t e r i z e d .  Peroxides  have been d e t e c t e d  a s  t r a n s i e n t  
in te rmedia tes  i n  t h e  e a r l y  s t a g e s  of c o a l  o x i d a t i o n  ( 3 , 6 , 7 ) ,  and it i s  
g e n e r a l l y  thought t h a t  decomposi t ion of t h e  peroxides  l e a d s  t o  c r e a t i o n  of the  
new oxygen-containing f u n c t i o n a l  groups (3,6-13). 
carbonyl  and carboxyl  groups,  and e t h e r  l i n k a g e s  have been d e t e c t e d  o r  
i n f e r r e d  from w e t  chemical  and s p e c t r o s c o p i c  d a t a  (4,7,12-21). I n  g e n e r a l ,  
t h e  chemical s t r u c t u r a l  changes t h a t  accompany c o a l ' s  o x i d a t i o n  a t  low 
temperatures  (from ambient t o  20OoC) by molecular  oxygen a r e  s t r o n g l y  
dependent upon c o a l  rank, p a r t i c l e  s i z e ,  oxygen p a r t i a l  p r e s s u r e ,  moisture  
conten t ,  and temperature  (1-5,17,22,23) .  Considerable  u n c e r t a i n t y  s t i l l  
e x i s t s ,  however, concerning t h e  mechanisms whereby t h e  peroxides  a r e  formed 
and subsequent ly  decompose. 

The exposure of c o a l  t o  and i t s  

The format ion  of hydroxyl, 
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Perhaps t h e  most e l u s i v e  a s p e c t  of  t h e  r e a c t i o n  of c o a l  w i t h  oxygen has been 
i d e n t i f i c a t i o n  of t h e  i n i t i a t i o n  r e a c t i o n ,  t h e  s t e p  by which t h e  o x i d a t i o n  
r e a c t i o n  g e t s  s t a r t e d .  
e l e c t r o n s ,  one on each oxygen atom, and behaves a s  a d i r a d i c a l  (-0-0.) i t  i s  
too  unreac t ive  t o  be t h e  s p e c i e s  which a c t u a l l y  o x i d i z e s  t h e  c o a l .  However, 
t h e  f a c t  t h a t  c o a l  a l r e a d y  c o n t a i n s  s u b s t a n t i a l  c o n c e n t r a t i o n s  of carbon 
r a d i c a l s  ( 1 2 , 2 4 - 2 6 )  sugges ts  t h e  p o s s i b i l i t y  t h a t  i n i t i a t i o n  may occur  by 
r e a c t i o n  between molecular  oxygen and a carbon r a d i c a l  i n  t h e  c o a l  t o  form a 
peroxy r a d i c a l  (Coal-000). 
i n i t i a t o r  f o r  f r e e  r a d i c a l  cha in  r e a c t i o n s  which lead  t o  peroxides  and t h e i r  
decomposition products .  
decomposition of t h e  peroxides ,  however, i s  not  unequivocal .  S ince  water ,  a 
p r o t i c  so lvent ,  i s  i n v a r i a b l y  present  i n  c o a l  and has  been observed t o  
f a c i l i t a t e  the  o x i d a t i o n  of c o a l  by oxygen (2 ,3 ,5 ,22 ,23)  t h e  decomposition of 
t h e  in te rmedia te  peroxides  might a l s o  occur ,  a t  l e a s t  i n  par t ,  v i a  i o n i c  
r e a c t i o n  mechanisms ( 2 7 ) .  C l e a r l y ,  many of t h e  mechanis t ic  a s p e c t s  of t h e  
o x i d a t i o n  of c o a l  by oxygen remain unresolved and p r e s e n t  c h a l l e n g i n g  problems 
f o r  f u r t h e r  explora t ion .  

The r e a c t i o n  of c o a l  w i t h  oxygen i s  a l s o  n o t o r i o u s  f o r  i t s  i d i o s y n c r a s i e s .  
One of t h e s e  i s  t h a t  t h e  thermoplas t ic  p r o p e r t i e s  of bituminous and 
subbituminous c o a l s  a r e  o f t e n  e x t e n s i v e l y  a l t e r e d  long b e f o r e  changes can be 
d e t e c t e d  i n  the  c o a l ' s  chemical composition (1 ,2 ,5 ,28 ,29) .  I n  g e n e r a l ,  
exposure of the  c o a l  t o  oxygen a t  ambient temperature  can r e s u l t  i n  a very 
rapid reduct ion i n  t h e  f l u i d i t y  t h a t  i t  e x h i b i t s  when heated and a s i g n i f i c a n t  
narrowing of i t s  p l a s t i c  temperature  range (5,10,28-30). The loss of t h e  
c o a l ' s  thermoplas t ic  p r o p e r t i e s  sugges ts  t h a t  a more h ighly  c ross - l inked  
macromolecular s t r u c t u r e  has been formed which w i l l  not  e a s i l y  m e l t  and f low 
when heated.  However, t h e  exac t  n a t u r e  of t h e  changes t h a t  occur  i n  t h e  
c o a l ' s  macromolecular s t r u c t u r e  which adverse ly  a f f e c t  i t s  thermoplas t ic  
p r o p e r t i e s  remain p o i n t s  of c o n s i d e r a b l e  u n c e r t a i n t y  and i n t e r e s t .  

The weathering of c o a l ' s  inorganic  c o n s t i t u e n t s ,  i n  s h a r p  c o n t r a s t  t o  t h e  
s i t u a t i o n  with c o a l ' s  o rganic  c o n s t i t u e n t s ,  i s  q u i t e  w e l l  understood.  Except 
f o r  t h e  i r o n  bear ing minera l  p y r i t e  which i s  r e a d i l y  a i r -oxid ized ,  t h e  c o a l ' s  
inorganic  c o n s t i t u e n t s  apparent ly  remain unchanged by weather ing (31-33). The 
p y r i t e  i n  coa l  is  oxid ized  i n i t i a l l y  t o  i r o n  s u l f a t e s ,  which a r e  then 
transformed t o  i r o n  oxyhydroxide (33) .  P y r i t e  o x i d a t i o n ,  a s  expected,  is 
a c c e l e r a t e d  by i n c r e a s i n g  humidity, t empera ture ,  and oxygen p a r t i a l  p ressure .  
Although o x i d a t i o n  of t h e  c o a l ' s  o r g a n i c  and i n o r g a n i c  c o n s t i t u e n t s  occur  
s imultaneously,  they are g e n e r a l l y  regarded as q u i t e  s e p a r a t e  processes .  

Another c o n t r i b u t o r  t o  weather ing i s  t h e  s t r e s s e s  caused by c y c l i c  s o r p t i o n  
and desorp t ion  of moisture  which produce f i s s u r e s  and c r a c k s  t h a t  mechanically 
weaken t h e  c o a l  (2 ,5 ,34) .  T h i s  d e c r e p i t a t i o n  phenomenon i s  r e f e r r e d  t o  a s  
s lackening.  The thermal  cyc l ing  of c o a l  a l s o  c o n t r i b u t e s  t o  s lackening.  
Slackening i s  much more rapid and e x t e n s i v e  f o r  l i g n i t e s  and subbituminous 
c o a l s  than f o r  h igher  rank c o a l s  (5 ,34) .  Slackening can a l s o  a c c e l e r a t e  
o x i d a t i o n  by i n c r e a s i n g  t h e  exposed s u r f a c e  a r e a  of t h e  c o a l  t o  a i r .  
o x i d a t i o n  can be a c c e l e r a t e d  by s lackening ,  i t s  p o s s i b l e  p a r t i c i p a t i o n  i n  and 
importance t o  s lackening has  not  been s t r e s s e d  o r  s t u d i e d .  The o x i d a t i o n  of 
c o a l ' s  o rganic  c o n s t i t u e n t s  could p a r t i c i p a t e  i n  s lackening  through t h e  
c r e a t i o n  of new hydrophi l ic  s i t e s  which would promote mois ture  sorp t ion .  

Although t h e  oxygen molecule has  two unpaired 

The peroxy r a d i c a l  could then  s e r v e  a s  t h e  

The evidence f o r  f r e e - r a d i c a l  c h a i n  processes  f o r  the  

Although 
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The changes i n  c o a l ' s  chemical  and p h y s i c a l  p r o p e r t i e s  produced by weathering 
may a f f e c t  t h e  s u i t a b i l i t y  of t h e  c o a l  f o r  e x i s t i n g  and f u t u r e  technologica l  
uses. C o a l ' s  major domest ic  u s e s  i n c l u d e :  d i r e c t  combustion f o r  e l e c t r i c i t y  
genera t ion  and f o r  i n d u s t r i a l  p rocess  h e a t ,  steam and power genera t ion ;  and 
conversion t o  coke f o r  s teel  product ion  ( 3 5 ) .  Coal-based s y n t h e t i c  f u e l  (gas  
and l i q u i d )  and chemical technologies  a r e  c u r r e n t l y  under development. 
Coal-water and c o a l - o i l  s l u r r i e s  a r e  a l s o  being i n v e s t i g a t e d  a s  p o t e n t i a l l y  
economical means of conver t ing  s o l i d  c o a l  i n t o  a form s u i t a b l e  f o r  t r a n s p o r t  
through p € p e l i n e s  and use a s  a l i q u i d - l i k e  f u e l .  

Oxidat ion reduces t h e  c a l o r i f i c  va lue  of c o a l .  Low rank c o a l s  w i l l  l o s e  about 
190 Btu-per-pound f o r  each  1% i n c r e a s e  i n  oxygen content  while  high rank coa ls  
w i l l  l o s e  about 240 Btu-per-pound f o r  each  1% i n c r e a s e  i n  oxygen content  (34). 
The oxygen content  of f r e s h l y  mined and crushed l i g n i t e  c o a l s  can  i n c r e a s e  
s e v e r a l  percent  i n  a m a t t e r  of weeks when t h e  c o a l  is  s t o r e d  i n  a i r  a t  ambient 
temperature. Such r a p i d  o x i d a t i o n  can l e a d  t o  spontaneous combustion of the  

_ _ _  -- coal  under c e r t a i n  s t o r a g e  c o n d i t i o n s  (34,36) .  ~ _. 

Oxidat ion a l s o  conver t s  c o a l  t o  a more h y d r o p h i l i c  m a t e r i a l  which makes 
b e n e f i c i a t i o n  more d i f f i c u l t .  The purpose of b e n e f i c i a t i o n  is t o  upgrade the 
q u a l i t y  of t h e  c o a l  so  t h a t  i t  c a n  meet s p e c i f i c  end-use requirements. 
B e n e f i c i a t i o n  is p r i m a r i l y  c a r r i e d  out  t o  reduce t h e  minera l  m a t t e r  ( inc luding  
p y r i t e )  and c l a y  conten t  of t h e  c o a l .  Oxida t ion  reduces t h e  
hydrophobici ty-hydrophi l ic i ty  d i f f e r e n c e s  between c o a l ' s  o rganic  c o n s t i t u e n t s  
and mineral  m a t t e r  which, i n  t u r n ,  makes i t  more d i f f i c u l t  t o  s e l e c t i v e l y  
s e p a r a t e  minera l  m a t t e r  p a r t i c l e s  on t h e  b a s i s  of t h e i r  hydrophi l ic  s u r f a c e  
p r o p e r t i e s  (37-39). T h i s  r e s u l t s  i n  a r e d u c t i o n  i n  t h e  e f f i c i e n c y  of 
b e n e f i c i a t i o n  by f l o t a t i o n ,  agglomerat ion and f l o c c u l a t i o n  processes .  

The new oxygen-containing f u n c t i o n a l  groups t h a t  a r e  c r e a t e d  when t h e  c o a l  is 
oxidized a l s o  i n c r e a s e  its a d s o r p t i v e  a f f i n i t y  f o r  p o l a r  molecules  such as 
water  a s  wel l  as i t s  water s o l u b i l i t y  (40-42). 
d ry ing  of c o a l  becomes more energy i n t e n s i v e  and less e f f i c i e n t  a s  t h e  c o a l ' s  
degree of o x i d a t i o n  i n c r e a s e s .  The s t a b i l i t y  and v i s c o s i t y  of coal-water  and 
c o a l - o i l  s l u r r i e s  would a l s o  be a f f e c t e d  by t h e  more p o l a r  s u r f a c e  p r o p e r t i e s  
of p a r t i c l e s  of oxidized c o a l .  A d d i t i o n a l l y ,  t h e  peroxides  produced dur ing  
c o a l  ox ida t ion  could p o t e n t i a l l y  have a d e t r i m e n t a l  a f f e c t  on t h e  s t a b i l i t y  
and v i s c o s i t y  of c o a l - o i l  s l u r r i e s .  

The d e t r i m e n t a l  e f f e c t s  of o x i d a t i o n  on a c o a l ' s  s u i t a b i l i t y  f o r  producing 
high-qual i ty  m e t a l l u r g i c a l  coke have been e x t e n s i v e l y  s t u d i e d  (1,2,5,16,28,43)  
and a r e  w e l l  understood from a p r a c t i c a l  viewpoint. 
inc lude  reduct ion  i n  coke s t r e n g t h ,  c o a l  bu lk-dens i ty-cont ro l  problems, 
overheated charges,  carbon d e p o s i t s  lead ing  t o  oven damage, coke handl ing 
problems, and reduced coke y i e l d s  as a r e s u l t  of increased  coke breeze ,  
increased  coke r e a c t i v i t y  and decreased  coking r a t e  (1 ,2 ,5 ,16 ,43) .  One 
important  e f f e c t  of o x i d a t i o n  is t o  d e s t r o y  t h e  c o a l ' s  thermoplas t ic  
p r o p e r t i e s  which, i n  t u r n ,  p r e v e n t s  i t s  organic  components from adequate ly  
f u s i n g  and binding t o g e t h e r  d u r i n g  t h e  coking process .  
reduct ion  i n  coke s t r e n g t h  and y i e l d .  

Hence, t h e  dewater ing and 

The adverse  e f f e c t s  

This  r e s u l t s  i n  a 
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The e f f e c t s  of ox ida t ion  on c o a l ' s  behavior  dur ing  thermal  process ing  can be 
predic ted  t o  be profound but have not  been e x t e n s i v e l y  i n v e s t i g a t e d .  
oxygen-containing f u n c t i o n a l  groups t h a t  a r e  c r e a t e d  when t h e  c o a l  i s  oxid ized  
w i l l  lead t o  increased  y i e l d s  of carbon monoxide and carbon d i o x i d e  a t  t h e  
expense of t a r  and/or  l i q u i d  y i e l d s  during g a s i f i c a t i o n ,  l i q u e f a c t i o n ,  
p y r o l y s i s ,  and thermal  depolymerizat ion i n  non-hydrogen-donating s o l v e n t s  
( 1 , 2 , 4 , 4 3 - 4 7 ) .  
t h a t  accompanies o x i d a t i o n  w i l l  a l s o  reduce i t s  swel l ing  dur ing  h e a t i n g ,  
e x t r a c t a b i l i t y  by organic  s o l v e n t s ,  and tend t o  i n c r e a s e  t h e  molecular  weight 
d i s t r i b u t i o n  of t h e  e x t r a c t a b l e  m a t e r i a l  and low-temperature p y r o l y s i s  tars  
( 1 , 2 , 4 6 , 4 7 ) .  An enhancement of c h a r  s u r f a c e  a r e a  (by a f a c t o r  of up t o  10)' 
and g a s i f i c a t i o n  r e a c t i v i t y  (by a f a c t o r  of up t o  4 0 )  has a l s o  been observed 
a s  a consequence of t h e  preoxida t ion  of bituminous c o a l s  ( 4 8 ) .  

The new 

The increased  cross - l ink ing  of c o a l ' s  macromolecular s t r u c t u r e  

CONCLUSIONS 

The changes brought about by weather ing t h a t  a f f e c t  t h e  s u i t a b i l i t y  of c o a l  
f o r  e x i s t i n g  and f u t u r e  t e c h n o l o g i c a l  u s e s  have a very d e f i n i t e  molecular  
b a s i s .  A t  a molecular l e v e l ,  however, we a r e  f o r  t h e  most p a r t  a t  a very 
p r i m i t i v e  l e v e l  of understanding of t h e  weather ing process .  I n  s p i t e  of t h e  
recent  research  i n t e r e s t  t h a t  has been shown i n  t h i s  important  phenomenon, 
i n s u f f i c i e n t  d e f i n i t i v e  experimental  d a t a  e x i s t  t o  permit  a d e t a i l e d  
mechanis t ic  d e s c r i p t i o n  t o  be w r i t t e n  which accounts  f o r  t h i s  phenomenon's 
complexi t ies  and i d i o s y n c r a s i e s .  The complexi ty  of t h e  c o a l  i t s e l f  
c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  exper imenta l  d i f f i c u l t i e s .  Hence, p r o g r e s s  
i n  e l u c i d a t i n g  t h e  mechanis t ic  d e t a t l s  of weather ing w i l l  r e q u i r e  a more 
aggress ive  approach and he lp  from many d i s c i p l i n e s .  
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SELECTION AND CHARACTERIZATION OF LOW-RANK COAL SAMPLES 

S.A. Benson, D.R.  K l e e s a t t e l ,  and H . H .  Schobert  

Un ive r s i ty  of North Dakota 
Energy Research Center  

Box 8213, U n i v e r s i t y  S t a t i o n  
Grand Forks ,  North Dakota 58202 

INTRODUCTION 

The c o l l e c t i o n  of low-rank coa l  samples a t  t h e  Un ive r s i ty  of  North Dakota 
Energy Research Center  (UNDERC) inc ludes  c o a l s  from t h e  major l i g n i t e  and sub- 
bituminous coa l  reg ions  of t h e  United S t a t e s .  P r imar i ly ,  t h e  coa ls  were c o l l e c t e d  
t o  provide  f r e s h ,  homogeneous, and we l l  c h a r a c t e r i z e d  samples f o r  p r o j e c t s  i n  coa l  
s c i ence  r e sea rch  a t  UNDERC. I n  t h e  p a s t ,  r e sea rch  has  been performed--on~-coa-l-in 
which no in fo rma t ion  was r e p o r t e d  o r  a v a i l a b l e  ~on--how t h e  samples were prepared  and 
s t o r e d ,  o r  on the  geography 2nd. geol-ogy o ? t h e  coa l  seam. Richard Neavel (1) po in t -  
ed.~out t h a t  work on "poor ly  s e l e c t e d ,  poor ly  c o l l e c t e d ,  poor ly  prepared ,  poor ly  pre-  
served and poor ly  c h a r a c t e r i z e d  c o a l  samples w i l l  on ly  l ead  u s  i n t o  f u r t h e r  con- 
fus ion . "  I t  i s  impor tan t  t h a t  c o a l  s c i ence  r e sea rch  be performed wi th  c a r e f u l l y  
c o l l e c t e d ,  p repa red ,  and documented samples so t h a t  t h e  r e s u l t i n g  da ta  on coa l  pro- 
p e r t i e s ,  composi t ion ,  and r e a c t i v i t y  w i l l  be meaningful t o  o t h e r  r e sea rche r s .  

- 

I n  t h e  p a s t  s e v e r a l  y e a r s  a g r e a t  d e a l  of i n t e r e s t  has sur faced  dea l ing  wi th  
sample banks.  The American P h y s i c a l  Soc ie ty  (2)  i d e n t i f i e d  t h e  need f o r  a sample 
bank of w e l l - s e l e c t e d ,  c h a r a c t e r i z e d  and p rese rved  coa l  samples t h e  l a c k  of which 
has  been a major o b s t r u c t i o n  i n  t h e  p a s t  t o  advancement of c o a l  r e sea rch .  A Coal 
Sample Bank Workshop was he ld  i n  March 1981 sponsored by t h e  Gas Research I n s t i t u t e  
and the  U.S. Department of  Energy t o  i d e n t i f y  t h e  need and problems a s soc ia t ed  w i t h  
s e t t i n g  up a Nat iona l  Coal Sample Bank (3). I t  i s  our  hope t h a t  the  informat ion  
presented  i n  t h i s  paper  w i l l  be o f  use t o  r e sea rche r s  i n t e r e s t e d  i n  e s t a b l i s h i n g  a 
sample bank or i n t e r e s t e d  i n  i n c o r p o r a t i n g  low-rank coa l  samples i n  e x i s t i n g  sample 
banks.  The mot iva t ion  f o r  such  work a t  LINDERC i s  t h e  need f o r  t h i s  type o f  r e sea rch  
t o  be accomplished f o r  low-rank c o a l s .  

Channel samples of  low-rank c o a l s  have been c o l l e c t e d  from va r ious  mines i n  
North Dakota, Montana, Colorado, New Mexico, and Texas. The samples were c a r e f u l l y  
c o l l e c t e d ,  homogenized, and s t o r e d  in an  i n e r t  atmosphere.  The c o a l s  were prepared  
i n  s e v e r a l  d i f f e r e n t  s i z e s  from -1/2 i nch  t o  -60 mesh and q u a n t i t i e s  from 15 k i l o -  
grams t o  250 grams. A t  UNDERC t h e  c o a l s  w i l l  be used t o  s tudy  va r ious  coa l  f e a t u r e s  
such a s  t h e  d i s t r i b u t i o n  of i n o r g a n i c s ,  o rgan ic  s t r u c t u r e ,  a s h  and s l a g  chemis t ry ,  
phys i ca l  and mechanical p r o p e r t i e s ,  and p y r o l y s i s  and e x t r a c t i o n  behavior .  I n  ad- 
d i t i o n ,  t r a c e  element a n a l y s i s ,  p roximate ,  u l t i m a t e ,  h e a t  con ten t ,  a s h  f u s i o n ,  and 
a s h  a n a l y s i s  w i l l  be performed. 

SAMPLE SELECTION AND COLLECTION PROCEDURES 

The s e l e c t i o n  of c o a l s  was based e i t h e r  on some d e s i r e d  unique c h a r a c t e r i s t i c s  
such a s  sodium c o n t e n t ,  o r  s l a g  v i s c o s i t y ,  o r  on product ion  tonnage. The goa l  i s  
e v e n t u a l l y  t o  have a s e t  of c o a l s  a v a i l a b l e  which r ep resen t  a wide range of  coa l  
p r o p e r t i e s  c h a r a c t e r i s t i c  of low-rank c o a l s .  The s e l e c t i o n  and p repa ra t ion  o f  coa l s  
w i l l  be an ongoing p r o j e c t  a t  LJNDERC for a t  l e a s t  two more yea r s  and t h e  t o t a l  s u i t e  
of samples w i l l  ex tend  beyond t h e  c o a l s  c o l l e c t e d  t o  d a t e .  The c o a l  ranks t o  be 
inc luded  range from low-grade l i g n i t e  t o  high-rank subbituminous.  
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When a mine has  been chosen f o r  sampling,  a p i t  w i t h i n  t h e  s u r f a c e  mine is 
s e l e c t e d ,  based e i t h e r  on some unique c h a r a c t e r i s t i c  o r  on ready a c c e s s a b i l i t y  t o  
t h e  P i t .  A " t y p i c a l  s ec t ion"  i s  s e l e c t e d  f o r  sampling which i s  f r e e  of f a u l t s ,  
slumping, o r  evidence of groundwater flow. The f a c e  of  t h e  seam or seams t o  be 
sampled is cleaned t o  expose f r e s h  nonweathered c o a l  f r e e  from extraneous mineral  
m a t t e r  which may have f a l l e n  from t h e  overburden. The coa l  seam i s  measured and a 
megascopic d e s c r i p t i o n  is  made of  t h e  c o a l  and a s s o c i a t e d  sediments .  A channel 
sample is c o l l e c t e d  t o  provide approximately 100 ki lograms o f  c o a l .  I n  some Cases,  
one-kilogram samples a r e  a l s o  c o l l e c t e d  a t  v a r i o u s  i n t e r v a l s  thoughout the seam, 
i n c l u d i n g  overburden, i n t e rbu rden  ( i f  two seams a r e  sampled) and unde rc l ay ,  t o  s tudy  
t h e  within-seam v a r i a b i l i t y .  A l l  samples a r e  s e a l e d  i n  p l a s t i c  bags and t r a n s p o r t e d  
t o  UNDERC f o r  p r e p a r a t i o n .  A l i s t  of  samples c o l l e c t e d  through November 1983 i s  i n  
Table  1 .  

'\ 

TABLE 1 

LOW-RANK COALS COLLECTED 

Mine 

Absaloka (Sarpy Creek) 
Ind ian  Head 
Beulah (High-Na) 
Beulah (Low-Na) 
Gascoyne (Red P i t )  
Gascoyne (Blue P i t )  
Velva 
Spring Creek 
F a l k i r k  
Glenharold 
Colorado Coal Co. 
Navajo 
San Miguel 
Mart in  Lake 
Savage 
Center  

Rank - 
Subbituminous 
L i g n i t e  
L i g n i t e  
L i g n i t e  
L i g n i t e  
L i g n i t e  
L i g n i t e  
Subbituminous 
L i g n i t e  
L i g n i t e  
Subbituminous 
Subbituminous 
L i g n i t e  
L i g n i t e  
L i g n i t e  
L i g n i t e  

State 

Montana 
North Dakota 
North Dakota 
North Dakota 
North Dakota 
North Dakota 
North Dakota 
Montana 
North Dakota 
North Dakota 
Colorado 
New Mexico 
Texas 
Texas 
Montana 
North Dakota 

Region 

Powder R ive r  
F o r t  Union 
F o r t  Union 
F o r t  Union 
F o r t  Union 
F o r t  Union 
F o r t  Union 
Powder R ive r  
F o r t  Union 
F o r t  Union 
Green R ive r  
San Juan 
Gulf Coast 
Gulf Coast  
F o r t  Union 
F o r t  Union 

The channel sample i s  c rushed ,  s p l i t ,  and s t o r e d  i n  p l a s t i c  o r  g l a s s  c o n t a i n e r s  
under an argon atmosphere.  The c rush ing  i s  done u s i n g  a hammer m i l l .  A diagram 
which i l l u s t r a t e s  t h e  procedure used f o r  p repa r ing  t h e  c o a l s  i s  shown i n  F igu re  1. 
The f i n a l  s p l i t t i n g  of t h e  -60 mesh c o a l  i s  done by a r o t a r y  r i f f l e  i n  a n  argon- 
purged glove box. These samples a r e  s t o r e d  i n  p l a s t i c  o r  g l a s s  c o n t a i n e r s  which a r e  
i n  t u r n  sea l ed  i n  a p l a s t i c  pouch. The -8 mesh c o a l s  a r e  s t o r e d  i n  p l a s t i c  con- 
tainers and purged w i t h  a rgon .  

The samples c o l l e c t e d  a t  v a r i o u s  l o c a t i o n s  w i t h i n  t h e  seam a r e  p repa red  f o r  
s e l e c t e d  c h a r a c t e r i z a t i o n  t echn iques ,  such a s  pe t rog raphy  of s e p a r a t e d  l i t h o t y p e s ;  
x-ray d i f f r a c t i o n  o f  t h e  overburden; i n t e rbu rden ;  unde rc l ay ;  and t r a c e  element  
a n a l y s i s .  This type of  work i s  being done t o  examine t h e  v a r i a b i l i t y  of o rgan ic  and 
ino rgan ic  c o n s t i t u e n t s  w i t h i n  t h e  seam and t o  understand i n t e r r e l a t i o n s h i p s  between 
coa l  p r o p e r t i e s .  

\ 
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RESULTS AND DISCUSSION 

The geologic  and geographic  d e s c r i p t i o n  of t h e  sampling a r e a  a long  w i t h  the 
a n a l y t i c a l  de t e rmina t ions  w i l l  be a v a i l a b l e  f o r  a l l  samples.  The types  of anal-  
y t i c a l  r e s u l t s  be ing  ob ta ined  i n c l u d e  proximate ,  u l t i m a t e ,  hea t  c o n t e n t ,  ash  fus ion ,  
a s h  a n a l y s i s ,  and t r a c e  element a n a l y s i s .  A s  an example, t h e  r e s u l t s  ob ta ined  fo r  
Indian  Head l i g n i t e  w i l l  be summarized he re .  Table 2 summarizes t h e  geographic and 
geologic  d e s c r i p t i o n  of t h e  Ind ian  Head Mine. The r e s u l t s  o f  t h e  a n a l y t i c a l  de te r -  
mina t ions  f o r  t h e  t r a d i t i o n a l  u l t i m a t e ,  p roximate ,  h e a t  con ten t  and a s h  ana lys i s  a r e  
summarized i n  Table 3. The t r a c e  element de t e rmina t ions  performed by neut ron  a c t i -  
va t ion  a n a l y s i s  (NAA) a r e  l i s t e d  i n  Table 4 .  The NAA ana lyses  were made by North 
Caro l ina  S t a t e  U n i v e r s i t y  ( 4 ) .  

TABLE 2 

GEOGRAPHIC AM) GEOLOGIC DESCRIPTION 
OF INDIAN HEAD MINE 

- -  

County Mercer 
S t a t e  North Dakota 
Town Zap 
Bas in  W i  111s ton  
Group F o r t  Union 
Formation S e n t i n e l  Bu t t e  
Bed Beulah-Zap 
Age Paleocene 

Grand Forks Number 83-0008 
Sampling Date 11/83 

The informat ion  shown i n  Tables  2-4  is s t e a d i l y  supplemented by cha rac t e r -  
i z a t i o n  d a t a  from s e v e r a l  r e s e a r c h  groups w i t h i n  t h e  UNDERC Coal Sc ience  Div is ion ,  
which i n c l u d e  Ash and S lag  Chemis t ry ,  Organic Chemistry,  D i s t r i b u t i o n  of Inorganics  
and Geochemistry, Phys ica l  P r o p e r t i e s  and Mois ture ,  and Coal R e a c t i v i t y .  Samples of 
l i t h o t y p e s  have been sepa ra t ed  f o r  c h a r a c t e r i z a t i o n  by many of  t h e  above techniques 
t o  supplement t h e  "whole coa l "  d a t a .  Pe t rography is a l s o  be ing  performed on t h e  
homogenized channel sample and t h e  sepa ra t ed  l i t h o t y p e s .  

SUMMARY AND CONCLUSIONS 

The low-rank coa l s  have been c o l l e c t e d  t o  o b t a i n  c o a l s  which r ep resen t  a broad 
range of low-rank c o a l  c h a r a c t e r i s t i c s .  These c o a l s  a r e  c a r e f u l l y  c o l l e c t e d ,  p re -  
pared ,  and s t o r e d  under an a rgon  atmosphere.  These samples a r e  no t  comparable t o  
those  i n  a premium sample bank, because  they  a r e  s t o r e d  a t  room tempera ture  and a r e  
n o t  c o l l e c t e d  i n  l a r g e  r e se rve  q u a n t i t i e s .  A l l  t h e  d a t a  genera ted  w i l l  be en tered  
i n  a computer system and can be r e a d i l y  accessed .  The r e s u l t s  of s t u d i e s  on these  
c o a l s  w i l l  p rovide  i n s i g h t  i n t o  t h e  i n t e r r e l a t i o n s h i p s  of va r ious  coa l  p r o p e r t i e s ,  
bo th  with each o t h e r  and wi th  c o a l - s p e c i f i c  p rocess  responses .  
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TABLE 3 

RESULTS OF ANALYSES FOR INDIAN HEAD LIGNITE 

Ul t imate  Analys is  

C 
H 
N 
S 

Proximate 

Moisture 
V o l a t i l e  Mat te r  
Fixed Carbon 
Ash 

W t  % ( a s  r ece ived)  

44.08 
6 .36  
0 .64  
0 .38  

34 .0  
27 .4  
33.8 

4 .8  

Heat Content 7329 Btu / lb  

Ash Analys is  

Si02 

Fe203 
Ti02 

CaO 

Na20 

pzos 

MgO 

K 2 0  
so3 

\ TOTAL 

W t  % of  a s h  

21.1 
11.9 
8 .5  
1 . 0  
0 . 5  

20 .9  
6 . 5  

11.9 
0 . 1  

15 .6  

98 .1  

\ Mineralogy of  coa l  by x- ray  d i f f r a c t i o n  of low-temperature a s h  - 
quar t z  
k a o l i n i t e  
p y r i t e  

\ 

Carboxylic a c i d  group con ten t  2.48 meq/gram. 
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TABLE 4 

NEUTRON ACTIVATION ANALYSIS OF INDIAN HEAD LIGNITE FROM NORTH DAKOTA 

Element 

Titanium 
Iodine 
Manganese 
Magnesium 
Copper 
Vanadium 
Chlorine 
Aluminum 
Sama rium 
Uranium 

Concentration, ppm 

110 f 20% 
<3.0 
4 .6  t 5% 
410 f 15% 

3.00 ? 2% 
16 f 20% 

3020 t 1% 
0 . 4  f 2% 
0 . 3  f 10% 

( 2 5 . 0  

Lanthanum 4.7 f l.%- ~- ~ - 
a . - o  Cadmium 

Gold <0.001 
Arsenic 5 f 1% 
Antimony 0.2 f 1% 
Bromine 1 . 1  f 1% 
Sodium 6220 f 1% 
Potassium ( 5 0 0 . 0  
Cerium 7 . 8 0  i: 10% 

. ~~ 

~~ 

Calcium 
Selenium 
Thorium 
Chromium 
Europium 
Ytterbium 
Barium 
Cesium 
Silver 

Nickel 
Scandium 
Rubidium 
I ron 
Zinc 
Cobalt 
Silicon 
Molybdenum 

3760 ? 10% 
0.50  f 10% 

1 f 1% 
2 f 15% 

0.09 f 10% 
0 . 4  f 20% 
520 f 5% 
0 . 1  f 10% 

< O .  08 

C 2 5 . 0  

C5.0 
3570 f 3% 

6 .4  f 20% 
1.60 f 1% 

1 . 3  f 1% 

<35,000.0  
<10.0 

I 

r 

I ,  

I 
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PROCESS FOR PRODUCING LOW-ASH, LOW-SULFUR COAL 

C. W. Fan, R .  Markuszewski,  and T .  D. Wheelock 

Chemical Eng inee r ing  Department and 
Energy and Mine ra l  Resources  Research I n s t i t u t e  

Iowa S t a t e  U n i v e r s i t y  
A m e s ,  Iowa 50011 

I n t r o d u c t i o n  

P rev ious  work has  shown t h a t  ash-forming m i n e r a l  m a t t e r ,  i n c l u d i n g  i r o n  py- 
r i t e s ,  can b e  removed from c o a l  by l e a c h i n g  f i n e - s i z e  c o a l  w i th  a h o t  c a u s t i c  
s o l u t i o n  under  p r e s s u r e  fo l lowed  by washing wi th  a d i l u t e  mineral a c i d  (1-4).  
Recent ly ,  s imilar r e s u l t s  have been ach ieved  by l e a c h i n g  f i n e - s i z e  c o a l  w i t h  ho t  
sodium c a r b o n a t e  s o l u t i o n s .  I n  b o t h  c a s e s  much of t h e  m i n e r a l  matter reacts wi th  
a l k a l i  t o  form a c i d - s o l u b l e  compounds. S i n c e  sodium c a r b o n a t e  i s  r ead i ly  a v a i l a b l e ,  
low i n  c o s t ,  and much l e s s  c o r r o s i v e  than  sodium hydrox ide ,  i t  could be used ad- 
van tageous ly .  U n f o r t u n a t e l y ,  i r o n  p y r i t e s  are n o t  l eached  as r e a d i l y  by sodium 
ca rbona te  s o l u t i o n s  as. by c a u s t i c  so l -u t ions .  
cumvented by employing a m u l t i s t e p  p r o c e s s  i n  which t h e  c o a l  i s  f i r s t  l eached  
under o x y d e s u l f u r i z a t i o n  c o n d i t i o n s  a t  120-150°C t o  e x t r a c t  p y r i t i c  s u l f u r  and 
then l eached  a t  h i g h e r  t e m p e r a t u r e  i n  t h e  same a l k a l i n e  s o l u t i o n  b u t  unde r  non- 
o x i d i z i n g  c o n d i t i o n s  t o  c o n v e r t  o t h e r  m i n e r a l s  t o  a c i d - s o l u b l e  materials.  P y r i t e s  
r e a d i l y  react w i t h  oxygen d i s s o l v e d  i n  h o t  a l k a l i n e  s o l u t i o n s  t o  form water- 
s o l u b l e  s u l f u r  s p e c i e s  ( 5 , 6 ) .  But i f  o x y d e s u l f u r i z a t i o n  i s  conducted a t  t h e  
h ighe r  t empera tu res  (250'C and above)  r e q u i r e d  f o r  t h e  r e a c t i o n  of o t h e r  mine ra l s  
w i th  a l k a l i ,  c o a l  l o s s e s  w i l l  b e  e x c e s s i v e  because  of o x i d a t i o n .  The re fo re  a two- 
s t e p  l e a c h i n g  p r o c e s s  i s  needed.  The r e s u l t s  of a p p l y i n g  such a p r o c e s s  t o  
s e v e r a l  bi tuminous c o a l s  are p r e s e n t e d  below. 

However, thi-s a i f f i c d t y  can-be c i r -  

Experimental  Methods 

Bituminous c o a l s  from s e v e r a l  s o u r c e s  were used f o r  t h e  l e a c h i n g  experiments  
(Table 1 ) .  These c o a l s  were f i r s t  ground t o  p a s s  e i t h e r  a 200 or 400 mesh s c r e e n  
(U.S. s t a n d a r d ) .  
p h y s i c a l  s e p a r a t i o n  p r o c e s s  which reduced b o t h  t h e  a s h  and t o t a l  s u l f u r  c o n t e n t s .  
P rec l ean ing  invo lved  mixing t h e  ground c o a l  w i t h  p e r c h l o r o e t h y l e n e  and water, 
a l lowing  t h e  suspens ion  t o  se t t le ,  and s e p a r a t i n g  t h e  t w o  l i q u i d  l a y e r s  a s  pre- 
s c r i b e d  by Viv ian  ( 7 ) .  The c o a l  macerals tended t o  c o n c e n t r a t c  i n  t h e  

For  some l e a c h i n g  expe r imen t s  t h e  c o a l s  were p rec l eaned  by a 

Table  1. Bituminous c o a l s  used i n  l e a c h i n g  expe r imen t s  

Coal Seam Loca t ion  Coal Form S i z e ,  Ash', Tot .  Sb 
mesh w t .  % w t .  % 

I l l i n o i s  No. 6 T r i v o l i ,  IL. Raw -200 12.75 3.71 
I l l i n o i s  No. 6 T r i v o l i ,  I L  P rec l eaned  -200 4 . 9 2  2.83 

P i t t s b u r g h  No. 8 Moundsv i l l e ,  PA Prec leaned  -400 6.20 3.67 
P i t t s b u r g h  N o .  8 Moundsv i l l e ,  PA R a w  -400 37.11 6.55 

Lower K i t t a n n i n g  Armstrong Co.,  PA Raw -200 17.87 1 0 . 6 1  
- 

aDry basis 

bDry, a s h - f r e e  b a s i s  
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, perch lo roe thy lene  l a y e r  whereas  t h e  m i n e r a l s  tended t o  c o n c e n t r a t e  i n  t h e  wale:- 
l a y e r .  
ed.  Approximately 8 7 %  of t h e  I l l i n o i s  No. 6 coa l  and 7RX ,)I' L I I ~ ~  1'11 I !:1uii'p.l1 N,,. :i 
coal were recovered du r ing  p r e c l e a n i n g .  

This  procedure was r e p e a t e d  f i v e  times w i t h  each coa l  whjcli was p r r t ~ l i w i i  

These v a l u e s  a r e  expres sed  o n  an  ash-I  I-PL- 
1 b a s i s .  

7 

1 

\ 

\ 

For most l e a c h i n g  expe r imen t s ,  15g. of c o a l  and 120 m l .  of  a 1 .0  E sodium 
ca rbona te  s o l u t i o n  were placed i n  a 300-ml. s t i r r e d  r e a c t o r  made of t ype  316 s t a i n -  
less s t e e l .  The f i r s t  l e a c h i n g  s t e p  involved r e a c t i o n  w i t h  oxygen d i s s o l v e d  i n  
t h e  s o l u t i o n  under  a p a r t i a l  p r e s s u r e  of 13 .6  atm. a t  150°C f o r  1 h r .  ( 5 ,  8) .  
During t h i s  s t e p  g a s  was b led  from t h e  r e a c t o r  t o  avo id  any bui ld-up of gaseous 
r e a c t i o n  p roduc t s  i n  t h e  system. Following t h e  f i r s t  s t e p ,  t h e  sys t em was purged 
w i t h  n i t r o g e n  and t h e  t empera tu re  of t h e  system was r a i s e d  t o  250"C, whereupon 
t h e  second l e a c h i n g  s t e p  was conducted f o r  an  a d d i t i o n a l  1 h r .  unde r  a n  i n e r t  
a tmosphere.  A f t e r  t h i s  t r e a t m e n t ,  t h e  r e a c t o r  w a s  coo led  q u i c k l y  and t h e  c o a l  
recovered by f i l t r z t i o n .  The f i l t e r  cake was washed w i t h  water ,  d r i e d  f o r  4 h r .  
i n  an  oven a t  95OC, weighed, and sampled f o r  chemical  a n a l y s i s .  A p o r t i o n  of  t h e  
l eached  c o a l  was washed w i t h  a mine ra l  a c i d  (2%) by s t i r r i n g  t h e  mix tu re  i n  a 
f l a s k  f o r  30 min. A f t e r  t h e  a c i d  t r e a t m e n t ,  t h e  c o a l  w a s  r ecove red  by f i l t r a t i o n  
and t h e  cake was washed w i t h  w a t e r ,  d r i e d ,  weighed, and sampled f o r  chemical  a n a l -  
y s i s .  These washing s t e p s  were conducted a t  e i t h e r  room t empera tu re  (25°C) o r  a t  
t h e  b o i l i n g  p o i n t  (100°C).  I n  some c a s e s ,  t h e  r e g u l a r  washing s t e p  w a s  extended 
by mixing t h e  a c i d - t r e a t e d  c o a l  w i th  b o i l i n g  w a t e r  f o r  30 min.,  f i l t e r i n g ,  and 
then  washing w i t h  more b o i l i n g  water. Ash and t o t a l  s u l f u r  c o n t e n t s  of t h e  c o a l  
were determined by s t a n d a r d  ASTM procedures  ( 9 ) .  

Experimental  R e s u l t s  

An i n i t i a l  s e t  of expe r imen t s  was conducted t o  s e e  how e f f e c t i v e  t h e  second 
l e a c h i n g  s t e p  was by i t s e l f  when n o t  preceded by t h e  o x y d e s u l f u r i z a t i o n  s t e p .  
For t h i s  set of expe r imen t s  r a w  c o a l s  were l eached  w i t h  a 1.0 E sodium c a r b o n a t e  
s o l u t i o n  a t  250'C and then  washed 1 , i t h  2% h y d r o c h l o r i c  a c i d  o r  s u l f u r i c  a c i d .  
When h y d r o c h l o r i c  a c i d  was employed, t h e  a c i d  washing s t e p  w a s  a lways conducted 
at t h e  b o i l i n g  p o i n t  and t h e  f i n a l  wa te r  washing s t e p  a t  r o o m  t empera tu re .  How- 
e v e r ,  when s u l f u r i c  a c i d  was used ,  t h e  washing s t e p s  were conducted a t  v a r i o u s  
t empera tu res  t o  see whether  t h e  t empera tu re  of t h e  a c i d  o r  t h e  wa te r  had any 
e f f e c t .  

The r e s u l t s  of t h e  f i r s t  s e t  of expe r imen t s  p r e s e n t e d  i n  T a b l e  2 i n d i c a t e  
t h a t  t h e  a s h  and t o t a l  s u l f u r  c o n t e n t s  of t h e  c o a l s  were r educed  s u b s t a n t i a l l y  
by t h e  t r ea tmen t  whi1.e t h e  p roduc t  r ecove ry  o r  y i e l d  was h i g h .  
t o  be a f f e c t e d  by t h e  s o u r c e  o f  t h e  c o a l  and t h e  washing t e m p e r a t u r e ,  bu t  i t  w a s  
n o t  c l e a r  whether  t hey  were a f f e c t e d  by t h e  t y p e  o f  a c i d .  The l a r g e s t  p e r c e n t a g e  
r educ t ion  i n  e i t h e r  a s h  c o n t e n t  o r  t o t a l  s u l f u r  c o n t e n t  w a s  ach ieved  w i t h  I l l i n o i s  
No, 6 c o a l .  I n  r u n  3 t h e  a s h  c o n t e n t  of I l l i n o i s  No. 6 c o a l  was reduced by 83% 
and t h e  t o t a l  s u l f u r  c o n t e n t  by 39%. The l eached  c o a l  w a s  washed w i t h  h o t  s u l f u r i c  
a c i d  i n  t h i s  run .  Somewhat poore r  r e s u l t s  were r e a l i z e d  when c o l d  s u l f u r i c  a c i d  
w a s  used. Also,  extended washing w i t h  h o t  water had l i t t l e  e f f e c t  when c o l d  a c i d  
was empl.oyed. 

The r e s u l t s  seemed 

The raw P i t t s b u r g h  No. 8 c o a l  had a v e r y  h igh  a s h  c o n t e n t  which w a s  reduced 
about  one-third by t h e  s i n g l e - s t e p  l e a c h i n g  and washing t r e a t m e n t  (Table  2 ) .  The 
t o t a l  s u l f u r  c o n t e n t  w a s  reduced 18-23% by t h i s  t r e a t m e n t .  It seemed t o  make 
l i t t l e  d i f f e r e n c e  which a c i d  was a p p l i e d  t o  t h e  l eached  c o a l .  

The r e s u l t s  achieved w i t h  Lower K i t t a n n i n g  c o a l  were i n t e r m e d i a t e  between 
t h o s e  achieved w i t h  t h e  o t h e r  c o a l s .  Thus, che a sh  c o n t e n t  w a s  reduced 44-47% and 
t h e  t o t a l  s u l f u r  c o n t e n t  25-27% when t h i s  coal  w a s  l eached  w i t h  an a l k a l i n e  
s o l u t i o n  and washed wi th  e i t h e r  of t h e  ho t  a c i d s .  When t h e  l eached  c o a l  w a s  
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Table 2 .  K c s u l t s  or Leaching raw c o a l s  w i t h  a h o t  a lk ' i l i ne  s o l u t i o n  followed 
by washing. 

P roduc t  % Run Coal Acid Washin Water Washin 
No. Seam Acid Tempg,"C Yielda Ashb To t .  Sa 

1 

2 

3 

4 

5 

6 

7 

8 

9 
- 

Ill. 6 

Ill. 6 

Ill. 6 

Ill. 6 

P i t t s .  8 

P i t t s .  8 

Low K i t  . 
Low K i t .  

Low K i t .  

HCL 

H2S04 

H2S04 

H2S04 

HCL 

H2S04 

HCL 

H2S04 

"ZS04 

100 Regular  

25 Regular  

100 Regular  

25 Extended 

100  Regular  

25 Regular  

100  R e  p u l a  r 

25 Regular  

100 Regular  

25 

25 

100 

100 

25 

25 

25 

25 

100 

94 

94 

94 

94 

96 

96 

- 
89  

89  

89 

2.61 

3.40 

2.21 

3.97 

24.8 

24.5 
- 

9.44 

13.34 

10.05 

2.40 

2.72 

2.25 

2.67 

5 .03  

5.34 

7.70 

7.73 

8 .01 

aDry, a sh - f r ee  b a s i s  

bDry b a s i s  

washed w i t h  co ld  o u l L u r i c  a c i d ,  t h e  nsh c o n t e n t  w a s  reduced s l i g h t l y  less. 

A second set  of expe r imen t s  was conducted i n  which t h e  raw c o a l s  were l eached  
f i r s t  under o x y d e s u l f u r i z a t i o n  c o n d i t i o n s  and t h e n  under  nonox id iz ing  c o n d i t i o n s  
a t  h ighe r  t empera tu re  (250'C). A s  t h e  r e s u l t s  shown i n  T a b l e  3 i n d i c a t e ,  t h i s  
approach r e s u l t e d  i n  s i g n i f i c a n t l y  g r e a t e r  s u l f u r  removal.  Under t h e  b e s t  con- 
d i t i o n s ,  t h e  t o t a l  s u l f u r  c o n t e n t  o f  I l l i n o i s  No. 6 c o a l  was reduced 56%, 
P i t t s b u r g h  No. 8 c o a l  h3%, and Lower K i t t a n n i n g  c o a l  86%. The t o t a l  s u l f u r  con- 
t c n t  seelnetl t o  bc reduced hy abou t  t h e  amount of i n o r g a n i c  s u l f u r  p r e s e n t  i n  t h e  
raw c o a l .  

I n  most c a s e s  t h e  two-step 1.eaching method produced ? lower  ash c o n t e n t  t han  
t h e  s i n g l e - s t e p  l e a c h i n g  method. T h i s  r e s u l t  w a s  p robab ly  due t o  t h e  more com- 
p l e t e  removal of i r o n  p y r i t e s  by t h e  two-step approach.  Also when two l e a c h i n g  
s t e p s  were used,  a c l e a n e r  p r o d u c t  was ob ta ined  by washing w i t h  h y d r o c h l o r i c  a c i d  
t h a n  by washing w i t h  s u l f u r i c  a c i d .  However, when washing w i t h  hot  s u l f u r i c  a c i d  
w a s  fol lowed by extended washing w i t h  h o t  w a t e r ,  t h e  r e s u l t s  approached t h o s e  
ach ieved  by washing w i t h  h y d r o c h l o r i c  a c i d .  T h i s  e f f e c t  can  be seen  i n  t h e  c a s e  
of I l l i n o i s  No. 6 c o a l  by comparing t h e  r e s u l t s  of r u n  1 4  w i t h  t h o s e  of r u n  10 
and i n  the  c a s e  of Lower K i t t a n n i n g  c o a l  by comparing t h e  r e s u l t s  of run  20 w i t h  
t h o s e  of run  16.  

The c o a l  r ecove ry  on a d r y ,  a s h - f r e e  b a s i s  was s l i g h t l y  lower f o r  two l e a c h -  
i n g  s t e p s  than f o r  one l e a c h i n g  s t e p .  It seems l i k e l y  t h a t  t h e  lower r ecove ry  
was due to  c o a l  o x i d a t i o n  i n  t h e  f i r s t  s t e p .  Although t h e  c o a l  l o s s  was s m a l l ,  
p r e v i o u s  work ( 8 )  s u g g e s t s  t h a t  t h e  loss cou ld  b e  reduced t o  an even lower l e v e l  
by d e c r e a s i n g  t h e  t empera tu re  i n  t h e  f i r s t  s t e p .  

I n  t h e  f i n a l  s e t  of expe r imen t s ,  p rec l eaned  c o a l s  were l eached  by t h e  one- 
s t e p  an<: two-step methods u t i l i z e d  b e f o r e  w i t h  t h e  raw c o a l s .  The leached c o a l s  

, 

i i  
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Table 3 .  R e s u l t s  of two-step l e a c h i n g  of raw c o a l s  fo l lowed  by washing.  

\ 

Produc t  % 
Run Coal Acid Washin Water Washing 
No. Seam Acid Tern:., "C Type Temp., 'C Yielda Ashb To t .  Sa 

10 

11 

1 2  

1 3  

1 4  

15 

16 

1 7  

18 

19 

20 

Ill .  6 HCL 

I l l .  6 H2S04 
Ill.  6 H2S04 
111. 6 H2S04 

H2S04 Ill. 6 

P i t t s .  8 HCL 

Low K i t .  HCL 

Low K i t .  H,SO 

Low K i t .  

Low K i t .  

Low K i t .  

r 4  
H2S04 

H2S04 

H2S04 

100 

25 

100 

25 

100 

100 

100 

25 

100 

25 

100 

Regular  25 

Regular  25 

Regular  100 

Extended 100 

Extended 100 

Regular  25 

Regular  25 

Regular  25 

Regular  100 

Extended 1.00 

Extended 100 

91  1 . 8 2  1 .63  

9 1  4.07 1 . 8 1  

91  2.97 1 .84  

91  3.31 1 .65  

91  2.43 1 .62  

92 17 .3  2.41 

a5 2.38 1.49 

85 5.69 1 . 9 3  

85  3.21 1 . 9 6  

85  5.20 1.60 

85  2.74 1 .55  

aDry, a sh - f r ee  b a s i s  

'Dry b a s i s  

were washed wi th  h o t  h y d r o c h l o r i c  a c i d ,  fol lowed by wa te r  washing a t  room temper-. 
a t u r e .  By us ing  p rec l eaned  c o a l s ,  ve ry  low ash  c o n t e n t s  were ach ieved  w i t h  e i t h e r  
t h e  one-step o r  two-step l e a c h i n g  methods.  A s  Tab le  4 i n d i c a t e s ,  t h e  a s h  c o n t e n t  
of I l l i n o i s  No. 6 c o a l  was reduced t o  less than  0 .5% and t h a t  of P i t t s b u r g h  No. 8 
c o a l  t o  less  than  0.9% by e i t h e r  method. Thus by u s i n g  a combinat ion o f  p h y s i c a l  
and chemical c l e a n i n g  t h e  a s h  c o n t e n t  of I l l i n o i s  No. 6 c o a l  w a s  reduced 96% and 
t h e  a sh  c o n t e n t  a t  P i t t s b u r g h  No. 8 c o a l  98%. The combinat ion of p h y s i c a l  and 
chemical. c l e a n i n g  was p a r t i c u l a r l y  e f f e c t i v e  i n  t h e  c a s e  of P i t t s b u r g h  No. 8 c o a l ,  
s i n c e  even t h e  two-step l e a c h i n g  p r o c e s s  by i t s e l t  reduced t h e  a s h  c o n t e n t  of 
t h i s  coal  on ly  by one -ha l f .  

( :onihi i lcd p l i y s i c a l  nnd chemical c l e a n i n g  a l s o  achieved lower t o t a l  s u l f u r  con 
i e i i ~ s  LI1:iii was acliicvcd h y  e i  t.her imethod a l o n e  (Tab le  4 ) .  P h y s i c a l  p r e c l e a n i n g  
made more of  a d i f f e r e n c e  when i t  w a s  fol lowed by t h e  one-step l e a c h i n g  p r o c e s s  
t h a n  by t h e  two-step p r o c e s s .  However, t h e  lowes t  s u l f u r  c o n t e n t s  were ach ieved  
when t h e  two-step l e a c h i n g  p r o c e s s  w a s  a p p l i e d  t o  prec leaned  c o a l s .  A p p l i c a t i o n  
of t h i s  combinat ion reduced t h e  t o t a l  s u l f u r  c o n t e n t  by more t h a n  60% i n  t h e  c a s e  
of e i t h e r  I l l i n o i s  No. 6 c o a l  o r  P i t t s b u r g h  No. 8 c o a l .  

Conc lus ions  

A c o a l  1.eaching p r o c e s s  f o r  removing ash-forming m i n e r a l  matter has  been dem- 
o n s t r a t e d .  T h i s  p r o c e s s  invol.ves l e a c h i n g  E ine - s i ze  c o a l  w i t h  a h o t ,  d i l u t e  sodiun; 
c a r b o n a t e  s o l u t i o n  fol lowed by washing wi th  a d i l u t e  m i n e r a l  a c i d  and wa te r .  While 
much of t h e  mine ra l  m a t t e r  r e a c t s  w i t h  t h e  a l k a l i  a t  250°C t o  form a c i d - s o l u b l e  
compounds, i r o n  p y r i t e s  a r e  incomple t e ly  r e a c t e d  by t h e  h o t  a l k a l i  a l o n e .  T h i s  
d i f f i c u l t ) '  can be overcome by u s i n g  a two-step l e a c h i n g  p r o c e s s  i n  which oxygen i s  
in t roduced  under  p r e s s u r e  i n  t h e  f i r s t  s t e p  t o  conver t  t h e  p y r i t i c  s u l f u r  t o  wa te r -  
s o l u b l e  s p e c i e s .  The t empera tu re  of t h e  f i r s t  s t e p  shou ld  b e  l i m i t e d  t o  150'C 

117 



Table 4 .  Effect of coal precleaning on results of leaching experiments. 

Washed Product, X Run Coal Coal Leaching 
No. Seam Form Stepsa Yield AshC Tot. Sb 

I 

21 
1 

22 
10 

23 
5 

24 
15 

Ill. 6 
111. 6 

Ill. 6 
Ill. 6 

Pitts. 8 
Pitts. 8 

Pitts. 8 
Pitts. 8 

Precleaned 
Raw 

Precleaned 
Raw 

Precleaned 
Raw 

Precleaned 
Raw 

I1 only 
I1 only 

I & I1 
I & I1 

IT only 
I1 on1.y 

I & I1 
I & I1 

95 
94 

92 
91 

95 
96 

93 
92 

0.49 
2.61 

0.41 
1.82 

0.88 
24.8 

0.76 
17.3 

1.81 
2.40 

1.35 
1.63 

2.55 
5.03 

1.92 
2.41 - -  

aStep I: 150°C, 13.6 atm. 0 pressure. 

bDry, ash-free basis 

'Dry basiq 

to minimize coal oxidation. The leaching process can be combined advantageously 
with physical precleaning in produce coal with less than 1% ash and markely 
reduced sulfur content. 

2 - 
Step 11: 250"C, inert atmosphere 
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OXYDESULFURIZATION OF COAL. FURTHER STUDIES OF OXY-ALKALINOLYSIS 

C l i f f o r d  G .  Venier ,  Mono. M .  S ingh,  T e t s u o  Aida,, 
and Thomas G .  S q u i r e s  

Applied Organic  Chemistry,  A m e s  Laboratory-DOE*, 
Iowa S t a t e  U n i v e r s i t y ,  A m S ,  I A  5 0 0 1 1  

A l t h o u g h  i t  i s  c l ea r  t h a t  i n c r e a s i n g  a m o u n t s  o f  c o a l  W i l l  be  
burned  e a c h  y e a r  f o r  d e c a d e s ,  no s a t i s f a c t o r y  t e c h n o l o g y  f o r  t h e  
chemical  "deep c l e a n i n g "  of c o a l  has  been developed. This  s i t u a t i o n  
a r i s e s  f r o m  t h e  f a c t  t h a t  t h e  f o r m s  o f  o r g a n i c  s u l f u r  i n  c o a l s  a r e  
c h e m i c a l l y  reduced,  and t h e r e f o r e ,  r e l a t i v e l y  u n r e a c t i v e  under most 
d e s u l f u r i z a t i o n  c o n d i t i o n s .  E a r l y  a t t e m p t s  t o  deve lop  "oxy-desulfu- 
r i z a t i o n "  p r o c e s s e s  f a i l e d  t o  t a k e  i n t o  account  t h a t  o r g a n i c  s u l f u r  
i s  no more s u s c e p t i b l e  t o  f r e e  r a d i c a l  o x i d a t i o n  t h a n  a r e  carbon and 
hydrogen;  and t h u s ,  e v e n  t h o u g h  p y r i t i c  s u l f u r  i s  removed by t h e s e  
processes  no s e l e c t i v e  removal  of o r g a n i c  s u l f u r  can be  accomplished. 

The u s e  o f  more s u l f u r - s e l e c t i v e  -ei-ec-Crfroph?lic o x i d a n t s  t o  
c h e m i c a l l y  c l e a n  . c o a l  wa-s i n t r o d u c e d  by  t h e  J e t  P r o p u l s i o n  

~~ Labora-tory's aevelopment  o f  a c h l o r i n e  based p r o c e s s  (1-3). Unfortu- 
n a t e l y ,  t h i s  powerful  o x i d a n t  a l s o  c h l o r i n a t e s  c o a l ,  r e p l a c i n g  some 
of  t h e  carbon-hydrogen bonds w i t h  carbon-chlor ine  bonds; and as many 
a s  20 c h l o r i n e s  p e r  1 0 0  c a r b o n s  a r e  i n t r o d u c e d  (1, 3 ) .  Removal o f  
t h i s  i n a d v e r t e n t l y  i n t r o d u c e d  c h l o r i n e  became a new problem which h a s  
proved  v e r y  d i f f i c u l t  t o  s o l v e .  JPL h a s  a t t e m p t e d  t o  d e c h l o r i n a t e  
t h e  i n t e r m e d i a t e  p r o d u c t  u s i n g  a v a r i e t y  of  c o n d i t i o n s  i n c l u d i n g  
hydrogenat ion a t  t e m p e r a t u r e s  up t o  7OO0C ( 2 ) .  

~ . -- .- - ~ -  

c 

I n  t h e  meantime, TRW, I n c .  had shown t h a t  s u b s t a n t i a l  amounts of 
o r g a n i c  s u l f u r  a r e  a p p a r e n t l y  removed f r o m  c o a l  by h e a t i n g  it w i t h  
m o l t e n  c a u s t i c  (4-6). S i n c e  t h e  r e p l a c e m e n t  o f  o x i d i z e d  s u l f u r  
f u n c t i o n s  as  w e l l  as c h l o r i n e  by hydroxide i o n s  a r e  common r e a c t i o n s  
i n  both a l i p h a t i c  and a r o m a t i c  c h e m i s t r i e s ,  w e  reasoned t h a t  e l e c t r o -  
p h i l i c  o x i d a t i o n  f o l l o w e d  by  t r e a t m e n t  w i t h  s t r o n g  b a s e  would be  
s u p e r i o r  t o  e i t h e r  t r e a t m e n t  a lone.  

On t h i s  b a s i s ,  w e  d e v e l o p e d  a t w o - s t e p  p r o c e s s  f o r  t h e  d e s u l -  
f u r i z a t i o n  o f  c o a l  i n  w h i c h  t h e  c o a l  i s  f i r s t  m i l d l y  o x i d i z e d  and 
t h e n  h e a t e d  w i t h  a l k a l i n e  mater ia l s .  I n  o u r  f i r s t  r e p o r t  ( 7 ) ,  oxy-  
a l k a l i n o l y s i s  was  d e m o n s t r a t e d  t o  be  more e f f e c t i v e  t h a n  e i t h e r  
c h l o r i n a t i o n  o r  a l k a l i  f u s i o n .  We now wish t o  p r e s e n t  resul ts  u s i n g  
bromine as t h e  f i r s t  s t a g e  o x i d a n t  and add a few model s t u d i e s  which 
shed a d d i t i o n a l  l i g h t  on t h e  c h e m i s t r y  under ly ing  t h e  processes .  

General  
EXPERIMENTAL 

Western  Kentucky N o .  9 c o a l  f r o m  t h e  A m e s  Lab c o a l  l i b r a r y ,  
w h i c h  had been  p r e p a r e d  a n d  s t o r e d  u n d e r  0 - f r e e  c o n d i t i o n s ,  was  
u s e d .  B r o m i n a t i o n  o f  t h e  c o a l  and t h e  a l k a l i  f u s i o n  of  t h e  b r o m i -  
n a t e d  samples  were c a r r i e d  o u t  under N atmosphere. Before u s e ,  t h e  
c o a l  was s i z e d  t o  p a s s  t h r o u g h  a 2 0 2  US mesh screen. M e t h y l e n e  

*Operated fo r  the U.S. 
No. W-7405-Eng-82. 

Department of Energy by Iowa Sta te  University under Contract 
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c h l o r i d e ,  Potassium hydroxide  p e l l e t s  ( 8 5 % ) ,  potass ium i o d i d e ,  sodium 
t h i o s u l f a t e ,  po tass ium dichromate ,  and s o l u b l e  s t a r c h ,  a l l  c e r t i f i e d  
ACS g r a d e ,  were used a s  o b t a i n e d  from commercial  sources .  AR grade  
b r o m i n e  was used  i n  t h e  b r o m i n a t i o n  of  c o a l .  The a n a l y s i s  of  t h e  
samples  were c a r r i e d  o u t  by t h e  A m e s  Lab A n a l y t i c a l  S e r v i c e s .  

Bromination of Coal 

A t y p i c a l  p r o c e d u r e  f o r  t h e  b r o m i n a t i o n  of  c o a l  s a m p l e s  i s  
d e s c r i b e d  below: 

To a w e l l  s t i r r e d  m i x t u r e  o f  7 0  m l  of C H 2 C 1 2  and 50 m l  of  w a t e r  
was added an a c c u r a t e l y  weighed (about  2.50 g)  sample of  coa l .  While 
s t i r r i n g  t h e  m i x t u r e  v i g o r o u s l y ,  3 m l  (58.6 mmol) o f  b r o m i n e  was 
in t roduced  i n  t h r e e  equal  p o r t i o n s .  S t i r r i n g  w a s  e f f e c t e d  by u l t r a -  
s o n i c  i r r a d i a t i o n .  A f t e r  a t o t a l  o f  60 min., t h e  m i x t u r e  was  f i l -  
t e r e d  t h r o u g h  a p r e v i o u s l y  weighed  f l u o r o p o r e  f i l t e r  ( 3  m ,  M i l l i -  
pore) .  The c o a l  r e s i d u e  was thoroughly  washed 8-10 times u s i n g  20-25 
m l  of  w a t e r  e a c h  t i m e .  The b r o m i n a t e d  c o a l  was  t h e n  d r i e d  u n d e r  
vacuum i n  an oven a t  l l O ° C .  A f t e r  d r y i n g ,  t h e  g a i n  i n  weight  of  c o a l  
was recorded.  

Es t imat ion  of  Bromine 

I n  a s e p a r a t e  series of e x p e r i m e n t s ,  t h e  bromine l e f t  u n r e a c t e d  
a f t e r  t h e  brominat ion  of c o a l  w a s  e s t i m a t e d  by adding e x c e s s  of  K I  t o  
t h e  f i l t r a t e  and t i t r a t i n g  t h e  l i b e r a t e d  I 2  w i t h  Na2S20 p r e v i o u s l y  
s t a n d a r d i z e d  w i t h  K 2 C r 2 0 7  u s i n g  s t a r c h .  T h i s  enabled  us  30 d e t e r m i n e  
t h e  amount  o f  B r 2  consumed by  c o a l  ( 0 . 5  g )  d u r i n g  o x i d a t i o n .  The 
i n c o r p o r a t e d  B r 2  was e s t i m a t e d  from t h e  e l e m e n t a l  ana lyses .  

A l k a l i  Fusion -- 

I n  a t y p i c a l  e x p e r i m e n t  15 -10  g KOH was a t  f i r s t  f u s e d  a t  380° 
i n  a s t e e l  r e a c t o r  p l a c e d  i n  a s a l t  (NaN03+NaN02+KN0 ) b a t h  and 
f i t t e d  w i t h  a N i n l e t - o u t l e t  d e v i c e ,  p a d d l e  s t i r r e r  a n i  a p o r t  f o r  
loading coa l .  T%e molten mass of KOH was he ld  a t  380° u n t i l  no more 
water was expel led .  About 0.5 g of c o a l  was t h e n  i n t r o d u c e d  and t h e  
molten mass was s t i r r e d  a t  380'-390° f o r  3 0  min. A f t e r  c o o l i n g ,  t h e  
c o n t e n t s  of  t h e  r e a c t o r  v e s s e l  were mixed w i t h  water  and t h e  r e s u l -  
t i n g  s l u r r y  was a c i d i f i e d  w i t h  1:l H C 1 .  The m i x t u r e  was t h e n  k e p t  
over  a steam b a t h  f o r  3 0  min. and f i n a l l y  f i l t e r e d  through f l u o r o p o r e  
( 3  m ,  M i l l i p o r e ) ,  washed v e r y  t h r o r o u g h l y  w i t h  warm w a t e r ,  d r i e d  i n  
an oven under vacuum a t  llOo o v e r n i g h t .  

RESULTS 

I n  o r d e r  t o  unders tand  t h e  d a t a ,  w e  w i l l  e x p r e s s  changes i n  t h e  
c o a l  on o x i d a t i o n  and KOH f u s i o n  i n  terms o f  a t o m  r a t i o s ,  most 
u s u a l l y  a toms p e r  one hundred carbon atoms,  xX/lOOC. This  i s  equiva-  
l e n t  t o  gram-atoms of  X p e r  1 0 0  gram-atoms of carbon.  T h i s  approach 
a l l o w s  c a r e f u l  f o c u s  on c h a n g e s  i n  t h e  o r g a n i c  f r a c t i o n  o f  t h e  c o a l  
w i t h o u t  r e g a r d  t o  changes i n  t h e  m i n e r a l  matter. 

The resu l t s  of  c o a l  b r o m i n a t i o n  a r e  g i v e n  i n  Tables  1 and 2 and 
a number of  a s p e c t s  of  t h e  r e a c t i o n  of b i tuminous  c o a l  w i t h  bromine 
a r e  i l l u s t r a t e d  i n  F i g u r e  1. Up t o  a r a t i o  o f  more t h a n  1 0  mmol of 
b r o m i n e  p e r  1 0 0  g-atom o f  c a r b o n ,  a l l  of t h e  b r o m i n e  i s  consumed 
w i t h i n  t h e  6 0  minute  r e a c t i o n  t i m e .  The weight  of product  i n c r e a s e s  
markedly d u r i n g  t h e  e a r l y  s t a g e s  of brominat ion ,  i n c r e a s i n g  by about  
o n e - t h i r d  when 1 5  m o l e s  of b r o m i n e  p e r  1 0 0  g r a m - a t o m s  o f  c a r b o n  i s  
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used.  ~ n c r e a s i n g  t h e  r a t i o  beyond 1 5  g i v e s  no f u r t h e r  w e i g h t  i n -  
c rease .  As s e e n  i n  Table  2, a b o u t  one- four th  of  t h e  hydrogen i n  the  
c o a l  i s  l o s t  (see F i g u r e  2 a ) ,  e v e n  i n  t h e  most  l i g h t l y  b r o m i n a t e d  
s a m p l e s ,  and  s u l f u r  f a l l s  o f f  s l o w l y  and  s t e a d i l y  w i t h  i n c r e a s e d  
bromine consumption (See F i g u r e  3a) .  

Table  3 shows t h e  results of s u b j e c t i n g  t h e  p r e o x i d i z e d  samples 
t o  f u s i o n  w i t h  KOH f o r  30 m i n u t e s  a t  38OoC. Note  t h a t  u n d e r  t h e s e  
c o n d i t i o n s ,  t h e  s u l f u r  l eve l  o f  t h e  r a w  W. Kentucky # 9  c o a l  t r e a t e d  
w i t h  KOH a l o n e  i s  r e d u c e d  f r o m  1.9S/lOOC t o  0.7S/lOOC. T h e r e  i s  a 
small  i n c r e a s e  i n  t h e  s u l f u r  l e v e l  a f t e r  f u s i o n  when i n s u f f i c i e n t  
b r o m i n e  i s  u s e d ,  b u t  i n  g e n e r a l ,  t h e  s u l f u r  l e v e l s  a t t a i n a b l e  i n  3 0  
minute  KOH f u s i o n s  f o r  p r e o x i d i z e d  samples  d e c r e a s e s  w i t h  i n c r e a s i n g  
b r o m i n e  c o n s u m p t i o n  ( S e e  F i g u r e  3 b ) .  Under t h e  b e s t  c o n d i t i o n  a 
l e v e l  o f  O.lS/lOOC ( 9 4 %  d e s u l f u r i z a t i o n )  i s  achieved.  Bromine l e v e l s  
a f t e r  f u s i o n  a r e  u n i f o r m l y  l o w ,  c o n f i r m i n g  t h a t  o r g a n i c  h a l o g e n  i s  
removable by KOH fus ion .  

DISCUSSION 
The O x i d a t i o n  Step 

O u r  p r e v i o u s  p a p e r  e s t a b l i s h e d  t h a t  c h l o r i n e  is a n  e f f e c t i v e  
o x i d a n t  ( 7 ) ;  h o w e v e r ,  g a s e o u s  c h l o r i n e  i s  n o t  a s  e a s y  t o  s t u d y  i n  
d e t a i l  a s  i s  b r o m i n e  b e c a u s e  c h l o r i n e  c a n n o t  b e  i n t r o d u c e d  a s  
a c c u r a t e l y  nor  k e p t  i n  s o l u t i o n  a s  e a s i l y .  Therefore ,  w e  have d e t e r -  
mined t h e  s t o i c h i o m e t r y  o f  t h e  o x i d a t i o n  o f  c o a l  w i t h  b r o m i n e ,  
assuming t h a t  t h e  r e s u l t  c a n  be g e n e r a l i z e d  t o  t h e  o t h e r  halogens.  

_- 

Bromine  i s  consumed i n  f o u r  p h e n o m e n o l o g i c a l l y  i d e n t i f i a b l e  
processes :  (1) s u b s t i t u t i o n  f o r  hydrogen: ( 2 )  dehydrogenat ion  of t h e  
c o a l ;  ( 3 )  o x i d a t i o n  o f  i r o n  p y r i t e  t o  s u l f a t e  and f e r r i c  i r o n ;  and 
( 4 )  o x i d a t i o n  of d i v a l e n t  s u l f u r  compounds t o  t h e  t e t r a v a l e n t  s ta te ,  
e q u a t i o n s  1 -4  r e s p e c t i v e l y .  

I I 
-C-H + B r 2  -b -$-Br + H B r  (1) 

-6 -2  + B r 2  -b -&=Z + 2 HBI ( 2 )  
k H  
(Z = C ,  N ,  0 ,  S )  

2 FeS2 + 1 5  B r 2  + 1 6  H 2 0  + F e 2 ( S 0 4 ) 3  + H2SO4 + 30 H B r  ( 3 )  

R-S-R + 2 H20 + 2 B r 2  .-b R-SO2-R + 4 H B r  (4a) 

R-SH + 3 H 2 0  + 3 B r 2  .-b R-S03H + 6 H B r  (4b)  

G i v e n  t h e  f o l l o w i n g  d a t a :  (1) t h e  t o t a l  b r o m i n e  consumed,  ( 2 )  t h e  
amount  o f  b r o m i n e  i n c o r p o r a t e d  i n t o  t h e  c o a l ,  and  ( 3 )  t h e  l o s s  o f  
hydrogen  f r o m  t h e  c o a l ;  o n e  c a n  c a l c u l a t e  t h e  amount  o f  b r o m i n e  
consumed by p r o c e s s e s  1 and 2, and t h e n  by d i f f e r e n c e ,  t h e  amount of 
bromine consumed i n  o x i d i n g  s u l f u r .  

T a b l e  4 shows t h a t  e v e n  a t  a b r o m i n e  c o n s u m p t i o n  l e v e l  of  1 4  
B r  / l O O C ,  v i r t u a l l y  a l l  of t h e  consumed b r o m i n e  i s  a c c o u n t e d  f o r  
w i t h o u t  s u l f u r  o x i d a t i o n .  The c o n c l u s i o n  t h a t  some n o n - s u l f u r -  
o x i d i z i n g  p r o c e s s e s  a r e  v e r y  f a s t  i s  a l s o  b o r n e  o u t  by c a r e f u l  
c o m p a r i s o n  of h y d r o g e n  l o s s  v e r s u s  s u l f u r  r e d u c t i o n .  F i f t y - s e v e n  
P e r c e n t  o f  t h e  s u l f u r  i s  removed u n d e r  t h e  most  severe  b r o m i n a t i o n  
c o n d i t i o n s ;  roughly  o n e - t h i r d  o f  t h i s  s u l f u r  i s  removed a t  a bromine- 
t o - c a r b o n  r a t i o  of  0.12.  On t h e  o t h e r  hand ,  t h r e e - f o u r t h s  o f  t h e  
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hydrogen consumed under the severest conditions has been removed at a 
ratio of 0.12. 

Bromine in carbon tetrachloride or in water is used in most 
qualitative organic analysis schemes to diagnose the presence of (1) 
carbon-carbon unsaturation, (2) phenols, (3) compounds with 
relatively stable enol forms, ( 4 )  many amines, most notably anilines, 
and (5) other easily oxidized functional groups (8). Divalent 
organic sulfur compounds fall in this latter category along with 
hydroquinones and a few compounds possessing a very activated carbon- 
hydrogen bond. Thus, the concommitant consumption by coal of bromine 
in processes which do not oxidize sulfur is not surprising, and has 
been suggested before (9, 10); however, the extent to which it occurs 
is disconcerting. 

The Alkali Fusion Step --- 
The ratio of sulfur to carbon in the brominated coals drops 

modestly (from 1.5S/lOOC to O.SS/lOOC) when the bromine to carbon 
ratio increases from 0.12 to 0.40 (See Figure 3a). However, over the 
same range, the susceptibility of the product to subsequent sulfur 
removal by KOH fusion is markedly enhanced. Fusion of the aforemen- 
tioned samples with KOH leads to final sulfur values of O.SS/lOOC and 
O.lS/lOOC respectively (See Figure 3b). The organic sulfur in the 
sample treated with 40 Br /1OOC is clearly different from that in the 
sample treated with 12 &r /1OOC. On the basis of model compound 
studies reported previously (71 ,  we are confident that it is the 
oxidation state of sulfur which has changed. 

CONCLUSIONS 

This study shows that preoxidation of coal samples by bromine 
markedly increases the efficiency of sulfur removal by molten caustic 
treatment. Under conditions which give a 65% sulfur reduction with 
KOH fusion alone, a preoxidized sample can be 9 4 %  desulfurized. That 
some hydrogen substitution and dehydrogenation processes are faster 
than sulfur oxidation has been demonstrated. The substitution reac- 
tions are probably phenol brominations and the replacement of active 
aliphatic hydrogen by bromine. The dehydrogenation reactions 
probably involve oxidation of easily oxidized carbon-carbon and 
cabon-oxygen bond systems. 
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Table 2. Product Analytical Data for 
I Brominated W. Ky. #9 Coal. 

Tab - e , Bromine consumed by 
W. Ky. 119 Coal.* 

0 0 
13.3 12.2 
16.5 13.0 
26.2 18.5 
33.0 21.6 
39.1 23.3 

*One gram of W. Ky #9 coal con- 
tains .7086q :0.059g-atom) of 

- . - -  carbon. 

Table 3. Product Analytical Data 
for KOH Fused Samples. 

Run 
No. 

1 
2 
3 
4 
6 

- 

1 0 0 86.0 1.9 
2 11.9 7.1 68.3 1.5 
3 15.9 8.3 68.5 1.2 
4 23.8 8.6 65.6 1.1 
5 31.8 9.4 62.2 0.8 
6 39.7 9.8 41.9- Or9 

0.7 0.0 45.4 
0.8 0.1 41.2 
0.6 0.2 46.9 
0.3 0.3 43.0 
0.1 0.1 45.1 

Table 4. Relative Stoichiometries of Bromine Consumption. 

(mol Br2/100 g-atom c)consumed 

Substitu- Dehydro- Sum of 
Run tion for H genation processes 0bs.- 
NO. Process 1 Process 2 1 and.2 Obs. (1+2)* 

6 9.8 7.2 17.0 23.2 6.6 
5 9.4 7.2 16.6 20.2 3.4 
4 8.6 5.9 14.5 17.0 2.7 
3 8.3 4.6 12.9 13.8 0.5 
2 7.1 5.3 12.4 11.9 -0.5 

- 

*FeS2 requires 3.4 Br2!100 C; depending on functional group distribu- 
tion, organic S requires 1.9-2.8 Br2/100 C; total required for S 
oxidation is 5.3-6.2 Br2/100 C. 
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Figure 3 .  Sulfur to Carbon Ratio in 
W. Ky. # 9  Coal: (a) after Bromination 
for 60 Minutes, and (b) after KOH 
Fusion of the Brominated Samples. 
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VOLATILITIES OF INOHtiANIC ELEMENTS I N  COALS DURING ASHING 
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INTRODUCTION 

There  a re  seve ra l  reasons f o r  r e q u i r i n g  v o l a t i l i t y  i n f o r m a t i o n  i n  coa l  : 

Env i ronmenta l  
The f lame tempera tu re  w i t h i n  t h e  b o i l e r  f u r n a c e  o f  a p u l v e r i z e d  f u e l  power 

s t a t i o n  may reach w e l l  above 1600'C when b u r n i n g  a b i t u m i n o u s  c o a l .  The h i g h e r  
t h e  v o l a t i l i t y  o f  an e lement  a t  tempera tures  o f  t h i s  magn i tude t h e n  the  h i g h e r  
w i l l  be t h e  p r o p o r t i o n  o f  t h e  e lement  wh ich  w i l l  e v e n t u a l l y  escape t o  
atmosphere, e i t h e r  i n  vapor  fo rm o r  i n  condensed form on u n p r e c i p i t a t e d  f l y  ash 
p a r t i c l e s .  Elements wh ich  d i s p l a y  some t o x i c i t y  towards  human, animal o r  p l a n t  
l i f e  w i l l  t h e r e f o r e  tend  t o  impose a degree o f  d e t r i m e n t a l  impact  on t h e  
env i ronment .  

E n g i n e e r i n g  d e s i y n  

system must accommodate e lements  r e p o r t i n g  t o  t h e  p r i m a r y  bo t tom ash, 
p r e c i p i t a t e d  and u n p r e c i p i t a t e d  f l y  ash, and gaseous d i s c h a r g e  components. 
Foreknowledge o f  v o l a t i l i t y  i n f o r m a t i o n  can a s s i s t  i n  t h e  i n t e r p r e t a t i o n  o f  
da ta .  

A n a l y s i s  
Some techn iques  a r e  s u i t a b l e  

f o r  t h e  d i r e c t  d e t e r m i n a t i o n  o f  many e lements  i n  who le  coa l  samples w h i l e  o t h e r  
techn iques  r e q u i r e  an ashed sample. 

Data base i n f o r m a t i o n  

tempera tures  and atmospheres have been pub l i shed .  An i n v e s t i g a t i o n  c o v e r i n g  a 
l a r g e  number o f  e lements ,  coa l  types ,  and ash ing  tempera tu res ,  would c o n t r i b u t e  
s i g n i f i c a n t l y  t o  an unders tand ing  o f  what c o u l d  be expec ted  under  a g i v e n  s e t  o f  
c i r cums tances  . 

The achievement o f  a s a t i s f a c t o r y  mass ba lance  s t u d y  o f  a coa l  combust ion  

Coal i s  a v e r y  complex heterogeneous m a t r i x .  

Many r e p o r t s  o f  e lemen ta l  v o l a t i l i t i e s  a t  v a r i o u s  ranges o f  ash ing  

The l i t e r a t u r e  on e lement  v o l a t i 1 i t y . i n  coa l  i s  e x t e n s i v e .  A summary has been 
compi led  and d i scussed  i n  t h e  d e t a i l e d  NERDDP Repor t  c o v e r i n g  t h i s  work ( 1 ) .  
d i f f e r e n t  r e p o r t s  a r e  compared i n c o n s i s t e n c i e s  occu r  f o r  many e lements  as ash ing  
tempera tu res  a r e  r a i s e d  f rom 370' t o  2200°C. Severa l  r e p o r t s  d e t a i l i n g  ash d e r i v e d  
froin r a d i o f r e q u e n c y  oxygen plasma ash ing  (RFA) a t  15OoC i n d i c a t e  q u a n t i t a t i v e  
r e t e n t i o n  o f  most e lements  s t u d i e d  making i t  a v e r y  s u i t a b l e  m a t e r i a l  f o r  t h e  
a n a l y s i s  o f  i n o r g a n i c  e lements  i n  c o a l .  

p resen t  a t  t r a c e  t o  m i n o r  c o n c e n t r a t i o n s  i n  s i x  c o a l  samples. 

When 

T h i s  i n v e s t i g a t i o n  was des igned t o  s tudy  t h e  l o s s e s  o f  58 i n o r y a n i c  e lements  

127 



EXPEK IMENTAL 

A s e t  o f  s i x  c o a l s  ( f o u r  r e p r e s e n t a t i v e  A u s t r a l i a n  b i tum inous  c o a l s  and two IJS 
NBS s tandards ,  1632A and 1635) were chosen t o  fo rm t h e  p r imary  samples f o r  t h i s  
e f f o r t .  Severa l  o t h e r  c o a l s  were s e l e c t e d  t o  p r o v i d e  f u r t h e r  i n f o r m a t i o n  on 
spec i  f i c e l  ements . 
S i e b t e c h n i k  m i l l .  The p rocedures  f o r  t h e  p r e p a r a t i o n  o f  t h e  ash res idues  were as 
f o l  1 ows : 

150°C(RFA) - m u l t i p l e  0.6 y samples were processed i n  r e f r a c t o r y  boa ts  w i t h  a l a y e r  
l o a d i n g  o f  1.5 mg/mm2 i n  an LFE-504 Low Temperature Plasma Asher (150W 
power, 150 m l /m in  oxygen f l o w  r a t e )  u n t i l  c o n s t a n t  we igh t  was 
ach ieved.  The samples were removed f rom t h e  asher  t h r e e  t imes  d a i l y  
and raked w i t h  a s t a i n l e s s  s t e e l  s p a t u l a  t o  p resen t  a f r e s h  s u r f a c e  f o r  
o x i d a t i o n .  T o t a l  ash ing  t i m e  f o r  each sample was approx ima te l y  t h r e e  
days, excep t  NBS1635 wh ich  r e q u i r e d  seven days. 

37OOC - samples were p l a c e d  d i r e c - t l y  i - n to  a i a b o r a t o r y  a i r  oven m a i n t a i n e d  a t  
the requ i - red  tempera ture ,  and remained u n t i l  cons tan t  we igh t  was 
ach ieved  (app rox .  1 4  days ) .  

m in ,  t r a n s f e r r e d  t o  a second m u f f l e  a t  50OoC and b r o u g h t  t o  815OC over  
30 m in ,  t hen  h e l d  a t  815'C f o r  30 min.  

Each o f  t h e  c o a l s  was m i l l e d  t o  l e s s  than  76 um p a r t i c l e  s i z e  i n  a Slow speed 

- 

815'C - samples were p laced  i n  a fu rnace a t  200°C, and b rouyh t  t o  500'C ove r  30 

150OOC - samples o f  815°C ash were p laced  i n  a 10  m l  p l a t i n u m  c r u c i b l e  
( s p e c i a l l y  a l t e r e d  by  t h e  a t tachment  o f  f i n e  p l a t i n u m  w i r e s  t o  a l l o w  
m a n i p u l a t i o n  f rom above) ,  l owered  i n t o  t h e  h o t  zone o f  a v e r t i c a l  t ube  
fu rnace ,  and h e l d  a t  t h i s  tempera tu re  f o r  30 min .  A l l  o f  t h e  res idues  
f rom t h i s  p rocedure  had fused,  and were p u l v e r i z e d  i n  a S i e b t e c h n i k  
m i l l .  

The a n a l y t i c a l  methods employed f o r  d e t e r m i n i n g  t h e  58 e lements  i n  t h i s  s tudy  
were X- ray  spec t roscopy  (XRF), i n s t r u m e n t a l  n e u t r o n  a c t i v a t i o n  a n a l y s i s  (NAA), 
a tomic  a b s o r p t i o n  spec t roscopy  (AAS), i n d u c t i v e l y  coup led  plasma spec t roscopy  ( ICP) ,  
s p e c i f i c  i o n  e l e c t r o d e  p o t e n t i o i n e t r y  (IS€), and o p t i c a l  em iss ion  spec t roscopy  
( O E S ) .  The s p e c i f i c  d e t a i l s  f o r  t h e s e  procedures  have been p r e v i o u s l y  pub1 i shed  
(1 -6) .  The e lements  de te rm ined  by  each techn ique  a r e  summarized i n  Tab le  1. I n  
many cases, where p o s s i b l e ,  e lemen ts  were de te rm ined  b y  seve ra l  methods. 

RESULTS AND DISCUSSION 

An e lement  was c o n s i d e r e d  v o l a t i l e  i f  t h e  d i f f e r e n c e  between i t s  c o n c e n t r a t i o n  
i n  the  s t a r t i n g  c o a l  and i n  t h e  ash, on a no rma l i zed  b a s i s ,  was g r e a t e r  t h a n  t h e  
exper imen ta l  u n c e r t a i n t y  f o r  a p a r t i c u l a r  element.  A g r e a t e r  t han  20 p e r c e n t  change 
i n  c o n c e n t r a t i o n  was u s u a l l y  r e q u i r e d  f o r  t h e  change t o  be c o n s i d e r d  s i g n i f i c a n t .  
The v o l a t i l i t y  o f  an e lement  was d e s i g n a t e d  i n c o n c l u s i v e  when i t  was ve ry  near  the  
exper imen ta l  u n c e r t a i n t y  o r  i f  d i f f e r e n t  a n a l y t i c a l  t echn iques  i n d i c a t e d  c o n f l i c t i n g  
r e s u l t s .  

The r e s u l t s  o f  t h i s  s tudy  a r e  summarized i n  Tab le  2. On ly  s i x  o f  t h e  58 
e lements  i n v e s t i g a t e d  underyo  some degree  o f  v o l a t i l i z a t i o n  a t  t empera tu res  up t o  
815OC. 
selenium--was augmented a t  h i g h e r  tempera tu re ,  15OO0C, by  a f u r t h e r  t e n - - a r s e n i c ,  
g a l l i u m ,  germanium, manganese, po tass ium,  sodium, s t r o n t i u m ,  t h a l l i u m ,  y t t r i u m ,  and 
z inc - -wh ich  were each v o l a t i l i z e d  f rom a t  l e a s t  one o f  t h e  c o a l s .  Note  i n  Tab le  2 
t h a t  B i ,  Gd, Ho, and Te were be low t h e  l i m i t s  o f  d e t e c t i o n  f o r  a l l  t h e  s i x  c o a l s  

T h i s  g roup of e lements - -boron,  bromine, cadmium, f l u o r i n e ,  mercury ,  and 

1 
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i n v e s t i g a t e d ,  e l i m i n a t i n g  t h e  e v a l u a t i o n  o f  v o l a t i l i t y  t rends .  
Oy, and P) were be low d e t e c t i o n  i n  f o u r  o f  t h e  coa ls .  R e s u l t s  f o r  NBS1635 i n d i c a t e d  
seventeen elements were be low l i m i t s  o f  d e t e c t i o n .  Thus, under t h e  o x i d i z i n y  
c o n d i t i o n s  p r e v a l e n t  d u r i n g  t h e  p r e p a r a t i o n  o f  t h e  v a r i o u s  coa l  ashes, t h e r e  were 38 
e lements  which a t  no s tage  were observed t o  undergo s i g n i f i c a n t  v o l a t i l i z a t i o n .  

- RFA V o l a t i l i z a t i o n  

O the r  e lements  ( I n ,  

Mercury was c o n s i s t e n t l y  r e t a i n e d  i n  t h e  RFA r e s i d u e  o f  each o f  t h e  s i x  c o a l s  
s t u d i e d  i n  t h i s  p r o j e c t .  
unambiguous l o s s  o f  mercury .  
a c t u a l  tempera ture  o f  t h e  o x i d a t i o n ,  p o s s i b l y  e x p l a i n s  t h i s  d i sc repancy .  F o r  
example, t h e  sample l a y e r  l o a d i n y  w i t h i n  each sample c o n t a i n e r  i n s i d e  t h e  RF ash iny  
i ns t rumen t ,  t h e  p a r t i c l e  s i z e ,  t h e  m i n e r a l  m a t t e r  c o n t e n t ,  and t h e  chemica l  
compos i t i on ,  c o u l d  a l l  p l a y  a p a r t  i n  i n f l u e n c i n g  t h e  l o c a l i z e d  tempera ture .  

The i m p l i c a t i o n  o f  t h e  l i t e r a t u r e  was t h a t  b romine i s  v o l a t i l i z e d .  The 
' d i f f e r e n c e '  between t h e  l i t e r a t u r e  and t h e  p resen t  work d e r i v e s  f rom t h e r e  b e i n g  a 
v a r i a b l e  l o s s  observed h e r e i n ,  w i t h  f o u r  c o a l s  showing d e f i n i t e  v o l a t i l i z a t i o n ,  one 
(SC143B) showing r e t e n t i o n ,  and one (NBS1635) b e i n y  i n c o n c l u s i v e .  

c o n s i s t e n t l y  i s  r e t a i n e d  under t h e  c o n d i t i o n s  o f  RFA p r e p a r a t i o n .  There was, 
however,  t h e  s i n g l e  i n c i d e n c e  w i t h  SC146 i n  t h e  p resen t  work f o r  wh ich  t h i s  e lement  
was cons ide red  t o  have been v o l a t i l i z e d .  

Converse ly ,  t h e  l i t e r a t u r e  has r e p o r t e d  t h e  c o n s i s t e n t  and 
A t t e n t i o n  t o  d e t a i l s  o f  RF ash iny ,  wh ich  i n f l u e n c e  t h e  

Selenium i s  g e n e r a l l y  regarded as a r e l a t i v e l y  v o l a t i l e  t r a c e  e lement  though  

On ly  f l u o r i n e  was found t o  be v o l a t i l i z e d  s i g n i f i c a n t l y  d u r i n y  t h e  o x i d a t i o n  o f  

Low tempera tu re  ash i  ny,  a l t h o u g h  a t i m e  consuminy procedure ,  i s  h i g h l y  

each o f  t h e  coa ls .  

recommended f o r  p r e p a r i n g  coa l  samples f o r  ana lyses  where t h e  a n a l y t i c a l  method t o  
be used r e q u i r e s  t h e  carbonaceous m a t e r i a l  t o  be removed. O f  a l l  t h e  e lements  
surveyed i n  t h i s  s t u d y  o n l y  a few (F,  Br,  B, and Se) i n d i c a t e d  s i g n i f i c a n t  
v o l a t i l i t y .  It i s  recommended t h a t  l a b o r a t o r i e s  check t h e i r  ash ing  procedures  
c r i t i c a l l y  ( e s p e c i a l l y  f o r  Hg) b e f o r e  a t t e m p t i n g  t h i s  approach however. 

37OoC V o l a t i l i z a t i o n  

A t  a tempera tu re  o f  370°C se len ium was s i g n i f i c a n t l y  v o l a t i l i z e d  from f o u r  o f  
t h e  s i x  coa ls .  
l o s t  under these  ash ing  c o n d i t i o n s .  

Boron occup ies  a c u r i o u s  and s p e c i a l  p o s i t i o n ,  w i t h  r e g a r d  t o  t h e  v o l a t i l i t y  
d a t a  i n  t h i s  work as w e l l  as t o  t h o s e  l i t e r a t u r e  r e p o r t s  wh ich  have addressed t h e  
l ower  tempera tu re  v o l a t i l i z a t i o n  behav io r  o f  t h i s  e lement .  Boron v o l a t i l i z a t i o n  
d a t a  i m p l i e d  t h a t  t h e r e  were o c c a s i o n a l l y  s u b s t a n t i a l  l o s s e s  a t  370OC. 
815OC ash d a t a  f o r  t h e  above-ment ioned c o a l s  i n d i c a t e d  a r e t e n t i o n  o f  boron. The 
r e s u l t s  o f  t h e  p r e s e n t  s tudy  may be i n t e r p r e t e d  i n  te rms o f  r e s p e c t i v e  k i n e t i c s  f o r  
l o w  tempera tu re  v o l a t i l i z a t i o n  and h i g h e r  tempera tu re  o x i d a t i v e  r e t e n t i o n .  
w e l l  known t o  be p redominan t l y  a s s o c i a t e d  w i t h  o r g a n i c  m a t t e r  i n  c o a l s ,  an 
a f f i l i a t i o n  wh ich  has been proposed t o  e x p l a i n  t h e  h i g h  emiss ions  o f  t h i s  o t h e r w i s e  
r e f r a c t o r y  e lement  i n  t h e  s tack  gases from c o a l  f i r e d  power s t a t i o n s  ( 7 ) .  The 
compet ing  r e a c t i o n s  o f  o rgano-boron v o l a t i l i z a t i o n  and o x i d a t i o n  must be cons ide red  
t o  f a v o r  t h e  former a t  l o w  tempera tu res  and t h e  l a t t e r  a t  h i g h e r  tempera tures .  The 
absence o f  370°C l o s s  f o r  fl c o a l s ,  p l u s  t h e  v a r i a b l e  b e h a v i o r  w i t h  t h e  NBS1635 
ashes, i m p l i e s  a p robab le  s t r o n g  dependence o f  bo ron  v o l a t i l i t y  upon t h e  chemica l  
forms o f  t h e  e lement  p r e s e n t  i n  i n d i v i d u a l  c o a l s ,  and p o s s i b l y  l o c a l i z e d  o x i d a t i v e  
c o n d i t i o n s  d u r i n y  t h e  p r e p a r a t i o n  o f  t h e  ash res idues .  

I n  c o n t r a s t  t h e  l i t e r a t u r e  i m p l i e s  t h a t  se len ium i s  c o n s i s t e n t l y  

However, t h e  

Boron i s  
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815'C V o l a t i l i z a t i o n  

The 500"-9OO0C t e m p e r a t u r e  range ashes have been t h e  most e x t e n s i v e l y  
i n v e s t i g a t e d  i n  t h e  l i t e r a t u r e ,  w i t h  15 separa te  works b e i n g  a v a i l a b l e  f o r  
compar isons  w i t h  t h e  r e s u l t s  o f  t h e  p resen t  s tudy .  
" i n c o n c l u s i v e "  r e t e n t i o n  f r o m  l i t e r a t u r e  r e p o r t s  were found t o  be e s s e n t i a l l y  
r e t a i n e d  i n  t h e  815°C ash i n  t h i s  s tudy .  T h i s  i n c l u d e d  Sb, A s ,  8, C r ,  Co, Cu, Ga, 
Pb, Mn, Mo, Sn, T i ,  V and Zn. 
a t  815°C i n  c o n t r a s t  t o  l i t e r a t u r e  r e p o r t s  where r e t e n t i o n  was c la imed.  A l l  coa ls  
s t u d i e d  showed some s i g n i f i c a n t  l o s s  o f  Se a t  t h i s  tempera tu re .  
be e s s e n t i a l l y  r e t a i n e d  i n  t h e  s i x  c o a l s  t e s t e d .  

Four teen  e lements  l i s t e d  as 

Cadmium was found t o  be v o l a t i l i z e d  i n  seve ra l  coa ls  

Sodium was found t o  

15OO0C Vol a t i  1 i z a t i  on -__ 

The v e r y  h i g h  tempera tu re  t o  wh ich  these  ashes were heated  y i e l d e d  an i nc rease  
i n  e lemen ta l  v o l a t i l i t i e s  f rom a l l  c o a l s .  However, t h e r e  was no e lement  wh ich  was 
l o s t  f rom eve ry  one o f  t h e  s i x  p r i m a r y  c o a l s .  
a rsen ic  f rom f o u r ,  g a l l i u m  and y t t r i u m  f rom two each, and germanium f rom one 
b i tum inous  c o a l ,  w i t h  manganese, po tass ium,  sodium, s t r o n t i u m ,  and zi_n_C fcoin-NBSl635 
on ly .  In t h e  l i t e r a t u r e ,  one r e p o r t  i n d i c a t e d  c o n s j s t e n t  and comple te  
v o l a t i l i z a t i o n  o f  a r s e n i c  by  140@0C, whi-1-e t h e  a l k a l i s ,  sodium and po tass ium,  as 
w e l l  as stront.i.um,- *e re  c o n s i d e r e d  i n v o l a t i l e .  Coba l t  and vanadium were n o t  

-- -observed t o  have been v o l a t i l i z e d  f rom any o f  t h e  c o a l s  o f  t h i s  s tudy .  

T h a l l i u m  was l o s t  f rom f i v e  coa ls ,  

- Envi ronmenta l  Cons ide ra t i on&  

The v o l a t i l i t i e s  o f  t h e  i n o r g a n i c  e lements  s t u d i e d  i n  t h i s  p r o j e c t  a r e  o f  
c o n s i d e r a b l e  i n t e r e s t  i n  r e l a t i o n  t o  t h e  c l a s s i f i c a t i o n s  o f  p o t e n t i a l  env i ronmen ta l  
concern  as ass igned  i n  a N a t i o n a l  Research Counc i l  Panel Repor t  t o  t r a c e  e lements  i n  
r e f e r e n c e  t o  impac t  on e n v i r o n m e n t a l  q u a l i t y  and h e a l t h  ( 8 ) .  The exac t  reason ing  
beh ind  one o r  o t h e r  d e s i y n a t i o n  f o r  a p a r t i c u l a r  e lement  i s  q u i t e  complex, t a k i n g  
i n t o  c o n s i d e r a t i o n  such aspec ts  a s  t o x i c i t y  t o  human, animal and p l a n t  l i f e ,  
chemical  r e a c t i v i t y  f o l l o w i n g  r e l e a s e  i n t o  t h e  env i ronment ,  l e a c h a b i l i t y  by  
y roundwaters ,  amongst o t h e r s .  These e lements  a r e  c a t e g o r i z e d  i n  Tab le  3 and l i s t e d  
a l s o  acco rd ing  t o  t h e  f o l l o w i n g  v o l a t i l i t y  d e s i g n a t i o n s  as observed i n  t h i s  s tudy :  

( v o l a t i l i z a t i o n  g e n e r a l l y  observed i n  c o a l s  be low 815OC) 
moderate ( v o l a t i l i z a t i o n  obse rved  f o r  c o a l s  be low 1500OC) 
- l o w ( v o l a t i l  i z a t i  on neg l  i g i  b l e  a t  1500°C) 

Tab le  3 i n d i c a t e s  t h a t  6, Cd, Hg, Se, and F a r e  c l a s s i f i e d  as moderate o r  
g r e a t e s t  env i ronmen ta l  conce rn  and a l s o  h i g h  v o l a t i l i t y .  Bo th  B and F have 
r e l a t i v e l y  l a r g e  c o n c e n t r a t i o n s  i n  most c o a l s  (>50 ppm), Se i s  g e n e r a l l y  %l ppm or 
h i g h e r ,  and Hg and Cd tend  t o  be  l o w e r  t h a n  1 ppm. T h i s  comb ina t ion  o f  t o x i c i t y ,  
c o n c e n t r a t i o n ,  and v o l a t i l i t y  g i v e s  some q u a l i t a t i v e  emphasis t o  an e lements  
p o s s i b l e  env i ronmen ta l  impact .  

CONCLUSION 

The i n v e s t i g a t i o n  o f  t h e  v o l a t i l i t y  b e h a v i o r  o f  58 e lements  i n  c o a l s ,  f r o m  
ana lyses  o f  t h e  whole c o a l s  and t h e i r  ashes prepared under  s t a t i c  o x i d i z i n g  
c o n d i t i o n s  a t  t empera tu res  up t o  15OO0C, showed t h a t  o n l y  v e r y  few elements a r e  l o s t  
up t o  815'C. 
ash ing  t o  p r e p a r e  coa l  samples f o r  a n a l y s i s .  By 1500°C, v o l a t i l i z a t i o n  l o s s e s  o f  
n e a r l y  o n e - t h i r d  o f  t h e  i n o r g a n i c  e lements  s t u d i e d  became a p p r e c i a b l e .  

The most p r o b a b l e  f a c t o r s  a f f e c t i n g  t h e  v o l a t i l i t y  o f  an e lement  a r e  t h e  
ambien t  chemical  and p h y s i c a l  s t a t e s .  V o l a t i l i z a t i o n  w i l l  depend upon t h e  
d i s t r i b u t i o n  o f  t h e  e lement  between v a r i o u s  m i n e r a l  phases o r  o r g a n i c a l l y  a s s o c i a t e d  

T h i s  g i v e s  f u r t h e r  s u p p o r t  f o r  u t i l i z a t i o n  o f  l ow- tempera tu re  plasma 
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spec ies  i n  the  c o a l ,  and upon t h e  p r e v a i l i n g  tempera tu re  and o x i d i z i n g  o r  reduc ing  
c o n d i t i o n s  d u r i n g  combust ion.  
v a r i o u s  c o n d i t i o n s  suppor t  t h i s  conc lus ion .  
c o m p l e t i o n  o f  ash ing  under RFA and 37OOC c o n d i t i o n s  t a k e s  many days. 
s t u d y  c o u l d  no t ,  n o r  d i d  i t  seek t o ,  ach ieve  a tho rough  assessment o f  t hese  f a c t o r s .  

Observa t i ons  o f  bo ron  and mercu ry  v o l a t i l i t i e s  under  
Time e f f e c t s  may a l s o  be i m p o r t a n t ,  as 

The p resen t  
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Tab le  1. Methods U t i l i z e d  f o r  t h e  Ana lyses  o f  Coal and Coal Ash. 

t '  

f 

NAA XRF OES I C P  AAS I S E  

Ag X X 

A1 x x  
As x x  
B x x  
B a X X X X  

Be X 

B i  X 

B r  X '  X 

Ca x x  
Cd X 
Ce X X 

- c o x x x  

C r  X x x  
c s  x x 
cu  x x x  

~~ 

NAA XRF OES ICP AAS 

Lu x x 
Mg x x  
Mn x x x x  
Mo X X 

Na X x x x  
N i  x x x x  
P x x  
Pb X 

Rb X X X_- - 
Sb X X 

sc x x 
Se X X 

S i  

Sm X 

Sn X 

x x  

Dy X X Sr x x x  
E u  x Ta X X 

F X Tb X 

Fe x x  Te X 

Ga X X Th X X 
Gd X 

Ge X T1 X X 
H f  X X W X 

U x x  Hg X 

Ho X v x x x  
I n  x x  Y X 

x x x  Yb X X 

T i  x x x  

K X 

La X 

L i  X Zr 

Zn x x x x  
x x x  

Il 

I 

r 
I 

/ 
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T a b l e  2. Elements w i t h  s i g n i f i c a n t  v o l a t i l i z a t i o n  observed i n i t i a l l y  a t  i n d i c a t e d  
tempera tures .  

Coal Number RFA, 
(Rank C l a s s i f i c a t i o n )  %150°C 370°C 815OC 1500°C 

SC143B 
(B i tum inous )  

SC146 
(B i tum inous )  

SC147 
(B i tum inous )  

SC151 
(B i tum inous )  

NBS1632a 
(B i tum inous )  

NBS1635 
(Subb i tuminous)  

f l u o r i n e  broini  ne cadmi um 
merc u ry  s e l  e n i  urn 

b romine 
f l u o r i n e  
se len ium 

broini  ne 
f l u o r i n e  

bromine 
f l u o r i n e  

bromine 
f l u o r i n e  

bo ron  
f l u o r i n e  

bo ron  cadmi um 
mercury  

boron se len ium 
mercury  

boron 
mercury  
se len ium 

bo ron  
mercury  
s e l  e n i  um 

mercury  
s e l  en i uni 

a rse  i c  
g a l l  um 
t h a l  ium 
y t t r  urn 

a r s e n i c  
cadmi urn 
t h a l  1 i um 

a r s e n i c  
cadmi urn 
germani urn 
t h a l  1 i um 

a r s e n i c  
cadmi urn 
g a l l i u m  
t h a l l  i um 
y t t r i u m  

manganese 
po tass ium 
sodium 
s t  r o n t  i um 
t h a l l i u m  
z i n c  

Note  1. The f o l l o w i n g  e lements  may be v o l a t i l i z e d  a t  150OOC i n  t h e  i n d i c a t e d  c o a l s ,  
however t h e  d a t a  i s  e i t h e r  n o t  s u f f i c i e n t l y  a c c u r a t e  f o r  a f i r m  c o n c l u s i o n  
t o  be drawn o r  t h e r e  i s  un reso lved  c o n f l i c t  between d a t a  f rom d i f f e r e n t  
a n a l y s i s  techn iques :  

Ce (NBS1635) Pb (SC147) 
Ga (SC146) K (NBS1632 

Note  2. Boron was l o s t  o n l y  a t  37OOC from SC146, SC147, SC151 and NBS1632a, b u t  
f rom t h e  RFA, 37OOC and 1500°C res idues  f rom NBS1635. No B was l o s t  f rom 
any 815OC ash p r e p a r a t i o n .  

Note  3. Those e lements  wh ich  were be low t h e  l i m i t s  o f  d e t e c t i o n  a re  summarized as 
f o l l  ows: 

A1 1 coa l  s B i  , Gd, Ho, Te NBS1632A Dy, I n  
SC143B DY, In ,  P NBS1635 As, B r ,  Cd, Cs, Co, Dy 
SC146 I n  Ge, Hf,  I n ,  Lu, Rb, Sb, 
SC147 I n ,  P Sb, Sn, Ta, Th, U, Yb 
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Tab le  3. V o l a t i l i t y  c l a s s i f i c a t i o n s  o f  ' e lemen ts  o f  concern '  

NRC PECH Panel C l a s s i f i c a t i o n  (8)  e lement  v o l a t i l i t y  

g r e a t e s t  concern  a r s e n i c  mode r a t e  
boron h i g h  
cadmi urn h i g h  
1 ead 1 ow 
mercury  h i g h  
molybdenum 1 ow 
s e l  e n i  urn h i g h  

moderate concern  

m ino r  concern  

- 

r a d i o a c t i v e  

e lements  o f  concern  b u t  
w i t h  n e g l i g i b l e  c o n c e n t r a t i o n s  

chromi um 
copper  
f l u o r i n e  
n i c k e l  
vanadi  um 
z i n c  

an t imony 
b a r i  um 
bromine 
c h l o r i n e  
c o b a l t  
germanium 
1 i t  h i  urn 
manganese 
s o d i  um 
s t r o n t i u m  

t h o r i u m  
uran ium 

b e r y l  1 i um 
t e l l u r i u m  
t ha1 1 i urn 

1 ow 
1 ow 
h i g h  
1 ow 
1 ow 
mod e7-at e 

1 ow 
1 ow 
h i g h  

1 ow 
moderate 
1 ow 
moderate 
modera te  
moderate 

1 ow 
1 ow 
1 ow 

modera te  
t i n  1 ow 

R e f e r  t o  t e x t  f o r  v o l a t i l i t y  c l a s s i f i c a t i o n  bases. 
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DESCRIPTIVE OXIDATIVE PROFILES FOR PYRITE 
IN THE LOW TEMPERATURE ASH COMPONENT OF COALS 

BY DIFFERENTIAL THERMAL ANALYSIS 

C.M. PARNEST 

Perkin-Elmer Corporation 
Main Avenue - M/S 131 
Nowalk, CT 06856 

INTRODUCTION 

There are two forms of FeS2 which may be present in coals. Pyrite is m e  
cubic modification and marcasite is an orthorhombic form. Marcasite is referred 
to as the low temperature form. Of the two, pyrite is by far the most abundant 
in the mineral matter of coals. These sulfur-containing minerals are of special 
interest from an environmental standpoint since their combustion produces sulfur 
dioxide gas. 
of coals along with combined SOx(g) with any existing CaO(s) in the ash. 
amount of iron and its oxidation state influence the ash fusion temperature. 

The Fe203(s) product of oxidation contributes to the ash material 
The 

The mechanism of oxidation of pyrite and marcasite in air has been the sub- 
ject of much study and speculation (1-13). The techniques of differential ther- 
mal analysis (DTA), thermogravimetry (TG), and derivative thermogravimetry (DE) 
offer direct methods for studying the oxidative behavior of these minerals. 
Thermal analysis data on the oxidation of sulfides, in general, are somewhat in- 
consistent. It has already been pointed out by several workers (8,11,13), the 
factors which seem to be important in such thermal analysis studies are good air 
circuIation in the analyzer, constant experimental conditions, and small sample 
sizes. Kopp and Kerr (11) have reported that the oxidative peak temperature is 
lowered with decreasing particle size. 

In the course of a detailed thermal analysis study dealing with low tem- 
perature ash (LTA) components of several pyrite containing coals from south- 
western Illinois and eastern Kentucky, it was observed that the thermal analysis 
peaks obtained by DTA, TG, and DTG were, in many cases, either altered or shift- 
ed when compared to those exhibited by the individual minerals themselves. In 
the following study, some sample handling techniques, synthetic mineral mixtures, 
and low temperature ash materials are investigated in an attempt to explain some 
of these phenomena as observed in dynamic air atmospheres. 

EXPERIMENTAL 

The pyrite ore used in this study was obtained from Dr. 0. Katkins, Depart- 
ment of Geology, University of Pittsburgh at Johnstown (UPJ), Johnstown, PA. A 
second pyrite specimen was purchased from Wards Natural Science Establishment, 
Inc. (Rochester, NY). 
mechanical grinding prior to use. 
1 of this paper is that of the UPJ specimen. 

Both the UPJ and Wards specimen were subjected to careful 
The thermal curve shown for pyrite in Figure 

The high purity marcasite specimen (Iowa, USA) was obtained from F.I. Fiene, 
Institute for Mining and Mineral Resources (IMMR), University of Kentucky, 
Lexington, KY. 
tained from IMMR. 

All low temperature ash specimens of this study were also.ob- 
All pyrite estimates given for the LTA specimens were made 
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using a P h i l l i p s  Model 3100 X-Ray Diffractometer  l o c a t e d  a t  IMMR. 
a n a l y s i s  va lues  for t h e s e  LTA specimens w e r e  ob ta ined  us ing  a Perkin-Elmer Model 
240C Elemental Analyzer wi th  t h e  S u l f u r  Analysis  K i t .  
microcomputer d a t a  s t a t i o n  w a s  used wi th  the  elemental  ana lyzer .  These values  
represent  a l l  of  t h e  s u l f u r  contained i n  t h e  LTA specimen except  f o r  t h e  small 
q u a n t i t y  which may be present  a s  calcium s u l f a t e  o r  gypsum. 

The s u l f u r  

A Perkin-Elmer Model 240DS 

A l l  DTA thermal  curves  r e p o r t e d  i n  t h i s  work were obta ined  using a Perkin- 
Elmer microcomputer-based DTA 1700 High Temperature D i f f e r e n t i a l  'Ihermal Analysis  
System. 
ies presented h e r e .  
cup.  However, it was  found t h a t  plat inum l i n e r s  could a l s o  be used wi th  small 
p y r i t e  samples and wi th  a l l  LTA specimens of  t h i s  s tudy i n  dynamic air  purge. 
I n  these  c a s e s ,  t h e  p y r i t e  o x i d a t i o n  i s  complete p r i o r  t o  t h e  decomposition tem- 
p e r a t u r e  f o r  p y r i t e .  

Only t h e  DTA mode of  o p e r a t i o n  o f  t h i s  i n s t r m e n t  was used i n  t h e  s tud-  
Ceramic l i n e r s  (60 nun3) w e r e  used i n  t h e  DTA sample holder  

RESULTS AND DISCUSSION 

Pyr i te  and Marcas i te  Specimens 

In t h i s  s tudy ,  both p y r i t e  and m a r c a s i t e  specimens e x h i b i t e d  broad multT: 
- step-DTA o x i d a t i v e  p r o f i l e s  when DTA samples o f  approximately 2 1  mil l igrams were 

s t u d i e d  i n  an undi lu ted  fash ion .  The temperature  of i n i t i a t i o n  o f  t h e  exothermic 
a c t i v i t y  was ca.  36OoC when t h e  specimens w e r e  heated a t  10°C p e r  minute. 
temperature  range o f  t h e  exothermic o x i d a t i v e  p r o f i l e  was found t o  be  h i g h l y  de- 
pendent upon sample s i z e  and h e a t i n g  r a t e .  
h e a t i n g  r a t e s  gave o x i d a t i v e  p r o f i l e s  which were more s i n g u l a r  i n  n a t u r e  f o r  
these  undi lu ted  samples. 

The 

Smaller  sample s i z e s  and slower 

Di lu t ion  o f  t h e  p y r i t e  o r  m a r c a s i t e  wi th  alumina o r  i n e r t  m a t e r i a l  a l lows 
a b e t t e r  ox idant  a v a i l a b i l i t y  t o  t h e  sample material and more c l o s e l y  s imula tes  
the  d i s t r i b u t i o n  of p y r i t e  i n  n a t u r a l  specimens such as t h e  LTA component of  
c o a l s .  F igures  1 and 2 g i v e  t h e  DTA o x i d a t i v e  thermal curves  f o r  d i l u t e d  samples 
of p y r i t e  and m a r c a s i t e ,  r e s p e c t i v e l y .  A s  one can s e e ,  very s i m i l a r  o x i d a t i v e  
p r o f i l e s  a r e  obta ined  f o r  t h e s e  d i l u t e d  specimens. The major d i f f e r e n c e  which 
was observed i n  t h e s e  s t u d i e s  i s  t h a t  t h e  sharp  exothermic peak maximum f o r  t h e  
FeS2/A1203 mixture  was, on t h e  average,  25OC lower i n  temperature  f o r  t h e  marca- 
s i t e  specimens than  the  p y r i t e  specimens of  t h i s  s tudy.  No such d i f f e r e n c e  was 
observed f o r  t h e  broad exothermic p r o f i l e s  a s s o c i a t e d  w i t h  t h e  l a r g e r  undi lu ted  
samples. 

I 

H e r r i n  6 Specimen 

The o x i d a t i v e  p r o f i l e s  f o r  t h e  p y r i t e  component o f  low temperature  a s h  ma- 
t e r i a l s  from coals  a r e  somewhat d i f f e r e n t  from those  g iven  f o r  p y r i t e  and marca- 
s i t e  i n  F igures  1 and 2. 
was obtained f o r  a LTA specimen of  t h e  Herr in  6 seam (southwestern I l l i n o i s ) .  
one can s e e ,  a m u l t i - s t e p  exothermic o x i d a t i v e  reg ion  wi th  peak maxima a t  407OC, 
464OC, and 508OC i s  obta ined .  This LTA specimen was analyzed t o  conta in  9.9% 
s u l f u r  and t h e  p y r i t e  and m a r c a s i t e  content  was es t imated  by XRD t o  be  19% and 
2%, r e s p e c t i v e l y .  
oxygen plazma wheetempera tures  n e a r  100°C a r e  reached,  t h e  presence o f  consid-  
e r a b l e  i r o n  s u l f a t e s  i s  l i k e l y ,  
i n  a paper (17) which fo l lows  t h i s  w r i t i n g .  &IO and Gluskoter  (14) found t h e  
i r o n  s u l f a t e s  conten t  i n  44 specimens of  t h e  Herr in  6 seam t o  vary from 0 t o  32 
percent .  I n  g e n e r a l ,  however, t h e  i r o n  s u l f a t e  minera ls  r a r e l y  comprised more 
than  7 percent  of t h e  LTA m a t t e r  f o r  t h e  Herr in  6 seam. 

'Ihe DTA thermal  curve ;  shown i n  F igure  3, i s  t h a t  which 
As 

Since t h i s  coa l  was subjec ted  t o  low temperature  ash ing  i n  an 

This  t u r n s  out  t o  be t h e  case  a s  i s  descr ibed  
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Pyrite/Iron Sulfate/A120g synthetic Mixture ---- 
Since ferrous sulfate is known to be the intermediate step in the total 

oxidation of pyrite (4), a study was performed to determine the effect of the 
presence of iron (11) sulfates on the oxidative profile of pyrite. Figure 4 
shows the resulting DTA, 'E, and DTG oxidative thermal curves obtained from a 
synthetic mixture containing 23.1% pyrite, 13.76% FeS04.H20, and 63.1% A1203 
diluent were heated at lO0c per minute in dynamic air atmosphere. Although 
not labeled in the DTA thermal curve, the exothermic region gives peak maxima 
at 465OC and 52OoC with a relative minimum separating these at 478OC. 
endothermic event beginning near 6OO0C is the normal ferrous sulfate decom- 
position as observed in dynamic air atmosphere (16). When this DTA pattern 
is compared with that observed in Figure 1 for the pyrite/A1203 mixture, one 
will note that the presence of iron sulfates lowers the temperature of the 
major peak maximum by 27OC and also converts the oxidative profile to a clearly 
defined two stage event. 
common with that in the LTA material for the Herrin 6 seam which gives a maxi- 
nnnn at 464OC. 
thermic peak at 465OC is associated with a weight gain and the one at 520°C is 
associated with a weight loss event. 
iron sulfate synthetic mixture exhibits an iron sulfate decomposition above 
600°C while the thermal curves for pyrite/A1203 mixture did not. 

Variation of the F'yrite Exothermic Response 
with F'yrite Level in LTA Specimens 

The 

h e  will note that the peak maximum at 465OC is in 

The TG and DTG thermal curves in Figure 4 show that the exo- 

It should be pointed out that the pyrite/ 

A study was performed to see how the oxidative profile varied with the 
pyrite level in a series of L T A  ash specimens. 
from the Herrin 6 seam (southwestern Illinois), Hazard 8 seam (eastern Kentucky), 
and two specimens of the Hazard seam from two different locations in eastern 
Kentucky. Table I gives the estimated pyrite levels for three of the four LTA 
specimens as obtained by XRD techniques. The total sulfur, as assigned by the 
Perkin-Elmer 240C Elemental Analyzer, is also given for the LTA specimens. As 
one can see, the pyrite level varies from as high as 19% in the Herrin 6 speci- 
men to a low of 2% in the Hazard 7 LTA specimen. 

For this study, L T A  specimens 

Figure 5 shows the DTA oxidative thermal curves obtained for these LTA 
specimens in a dynamic air purge of 50 cc/min. 
23.1 mg for the Herrin 6, 35.0 mg in the Hazard 8, 29.5 mg in the Hazard 7,  
and 28.7 mg of the Hazard 7A LTA specimen. 
middle exothermic event (Tmax= 464OC) in the Herrin 6 specimen is in common 
with the other 3 specimens. 
LTA specimen and at 459OC in the Ha8ard 7A specimen. One will recall that this 
peak was also observed at 465OC in the synthetic pyrite/FeSOq mixture. 
temperature of this peak maxima decreases as the amount of pyrite decreases and 
thus occurs at 438OC for the Hazard 7 specimen which was estimated to contain 
only 2% pyrite. 

The sample weights used were 

One will immediately note that the 

This event is observed at 464OC in the Hazard 8 

The 

From these thermal curves one might predict that the exothermic oxidative 
profiles become multi-peaked and show activity at higher temperatures as the 
pyrite level increases. 
given earlier in this work. 
similar in all four of the LTA specimens even though the mineral content of the 
Illinois coal is quite different from the three Kentucky coal LTA specimens. 
All four LTA specimens contained significant iron sulfate component. %is iron 
sulfate level being less as the pyrite level decreases. 

This is in agreement with our previous experiments 
The temperature of onset of oxidation is very 

This may be seen by the 
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decrease in magnitude and temperature of the decomposition peak observed at 
667OC in the Herrin 6, 662OC in the Hazard 8, etc. This endothermic peak, in 
some cases, overlaps and predominates over less intense illite-smectite or 
smectite clay mineral dehydroxylation in these low temperature ash specimens. 

The clay mineralogy was noticeably different in the four LTA specimens. 
For example, all three of the Kentucky coals contained detectable levels of 
kaolinite, as is evidenced by the exothermic ordering peak (spinel formation) 
at 968OC. 976OC, and 984OC in the Hazard 8, Hazard 7, and Hazard 7A, respec- 
tively. 
detectability of DTA. The double endothermic peak at 108OC and 15OoC in the 
Herrin 6 specimen is due to the loss of interlayer water from both illite and 
illite-smectite mixed layer clay minerals. 
may also be due, in part, t o  the dehydration of iron sulfate species such as 
the FeS04.7H20 (melanterite), FeS04.4H20 (rozenite), and Fe2(S04)3.9H20 (co- 
quimbite). 
(lll°C) and Hazard 7A (113OC) specimens are due to the same water loss phe- 
nomena. 
iron sulfate component, the thermal curves for the three Kentucky specimens 
indicate that these endothermic events aremostly due to the presence of illite 
and mixed layer clays containing illite clay mineral. 

The Herrin 6 seam showed no evidence of kaolinite at the level of 

The lower temperature event (108'C) 

Likewise, the endothermic peaks in the Hazard 8 (113OC), Hazard 7 

Because of the fact that the Hazard 7 specimen contains very little 

_ -  
The Herrin 6 contained a measurable calcite component while the three 

Kentucky specimens did not. The endothermic peak at 89OoC in the DTA thermal 
curve for the Herrin 6 seam is associated with the decomposition of calcite 
although it is sharpened by its association with the oxidation products of the 
pyrite. This will be discussed in detail in a paper which follows (17). One 
will also note that the clay mineral dehydroxylation endotherm (ca. 54OoC) which 
is observed imediately after the pyrite oxidation is more distinguishable in 
the Hazard 7 and 7A specimens than in the Hazard 8 specimen. 
due t o  the lower kaolinite and higher pyrite level in this specimen than is 
present in the two Hazard 7 specimens. 

This is primarily 

CONCLUSION 

The temperature range as well as the nature of the exothermic oxidative 
profile for pyrite was found to be highly dependent upon sample size and heating 
rate. 
dative profile. 
inert material allows a better oxidant availability to the sample material and 
more closely simulates the distribution of pyrite in natural specimens such as 
LTA specimens from coals. 

Smaller sample sizes and slower heating rates favor a more singular oxi- 
Dilution of the pyrite or marcasite specimen with alumina or 

Tne presence of iron sulfates lowers the peak temperature and converts the 
oxidative profile for pyrite specimens to a two stage event. 
specimens, as well as LTA specimens from coals, containing significant levels of 
iron sulfates were observed to exhibit a DTA endothermic event between 63OoC and 
67OoC which is characteristic for the decomposition/oxidation of the iron sulfates 
component. This thermal event was absent from the DTA oxidative thermal curves 
for pyrite samples which initially contained no iron sulfates, 

Furthermore, pyrite 

The DTA oxidstive profiles for LTA specimens containing varying amounts of 
pyrite and iron sulfates showed that the exothermic oxidation of the pyrite com- 
ponent becomes more multistep in nature as the pyrite level increases. The iron 
sulfate content of the LTA material was observed to increase with the pyrite in 
the same specimen. This was reflected in the DTA thermal curves by the magnitude 
of the endothermic thermal event near 66OoC. In the LTA specimens of this study, 
this iron sulfate decomposition/oxidation endotherm near 660°C in the DTA thermal 

J 
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curve was observed to overlap and, in some cases, mask the less intense en- 
dothermic dehydroxylation peak of mixed layer clays which contain smectite 
clay mineral components. 
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Table I 

Pyrite and Total Sulfur Content 
For "he 

Four LTA Specimens Of This Study 

Pyrite 
LTA Specimen (XXD Estimate) 

Herrin 6 19% 

Hazard 7 2% 

Hazard 7A 5% 

Hazard 8 NA 

NA = Not Analyzed + -  

e 

Y I 
I- 
a 

D TA 
PYRITE/A120, MIX 

f 

I 

% Total Sulfur I 

9.9 

1.7 

I 

3 . 8  

MODE: DTA 
RANGE: 5 T  FULLSCALE 
SAMPLE WEIGHT : 4.15mg FeS 
HEATING RATE : 10°C/min. 
ATMOSPHERE I AIR 50cc/mtn 

- 
I I I I I I 

I50 300 450 600 750 900 
TEMPERATURE ("C) 

/ I  

Figure 1. DTA Oxidative Thermal Curve for PyritelA1203 Mixture 
Containing 4.15 mg of Fyrite 
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MARCASITE IN ALUMINA 
UT, &e7 SCAN RATE, 1o.m &y. in  
AnmsFwZRG AIR Y) c d m l n  

Figure 2. DTA Oxidative Thermal Curve for a Marcasite/A1203 Mixture 
Containing 4.87 mg of Marcasite 

i m -  
ICs 20280 LON TEMP ASH 

WTn a 1 3  g PANRATE. lKE3d.+lm 

A- AIR S odd- 

\ 

Figure 3. DTA Thermal Curve for Low Temperature Ash Component 
of the Herrin 6 Seam in Dynamic Air Atmosphere 
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PYRITE / FeSO4 H20 /AI203 
MIXTURE 

(DYNAMIC AIR PURGE) 
MODE : DTA 
RANGE : 10"FULL SCALE 
SAMPLE WEIGHT : 13-68 mg 
HEATING RATE : 1O0C/min 
ATMOSPHERE : AIR 50cc/min 

\ >c _- 

SAMPLE WEIGHT I 10.61 mg 

DTG RANGE : 0.50mg/min. 
ATMOSPHERE : AIR Wcc/min. 
HEATING RATE : lO"C/rnin. 

WEIGHT SUPPRESSION : 80.0% 

I I I I I I I 

150 300 450 600 750 900 1050 

TEMPERATURE VC) 

Figure 4 .  DTA, TG, and DTG lhermal Curves for Pyrite/ 
FeS04.H20/A1203 Synthetic Mixture 
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LOW-RANK COAL LIQUEFACTION 
H-DONOR STUDIES USING 2H NMR 

S.A.  Farnum, B.W. Farnum, J . R .  R i n d t ,  
D . J .  Miller, and A . C .  Wolfson 

U n i v e r s i t y  of Nor th  Dakota 
Energy Research Cen te r  

Box 8213, U n i v e r s i t y  S t a t i o n  
Grand Forks ,  North Dakota 58202 

Seve ra l  b a t c h  a u t o c l a v e  expe r imen t s  were c a r r i e d  o u t  u s i n g  n a t u r a l  abundance 30.7 
MHz 2H NMR spec t roscopy  of p r o d u c t  f r a c t i o n s  t o  a s s e s s  H-donor a c t i v i t y  during 
l i g n i t e  l i q u e f a c t i o n .  2H NMR o b s e r v a t i o n s  o f  deu te r ium en r i chmen t s  and measurement 
of 'H NMR d i s t r i b u t i o n s  have been used t o  i n v e s t i g a t e  l i q u e f a c t i o n  r e a c t i o n s  (1-3) .  

The development of h i g h  f i e l d  supe rconduc t ing  magnets t h a t  o p e r a t e  i n  the  Four i e r  
t r ans fo rm mode w i t h  h i g h  s e n s i t i v i t y  p robes  has  made it p o s s i b l e  to-monitor~-l-ique- 
f a c t i o n  r e a c t i o n s  by n a t u r a l  abundance 2H NMR (0.0156% na tu ra l - abundance ) .  I t  i s ,  
t h e r e f o r e ,  no l o n g e r  n e c e s s a r y  .to Add- -large-amounts o f  d e u t e r a t e d  s o l v e n t s  O K  even 
l a r g e  amounts .of deu te - r> ted~H-donors  which swamp o u t  c r i t i c a l  a s p e c t s  o f  t h e  l i q u e -  

~ f a c t i o n  r e a c t i o n .  The u s e  of n a t u r a l  abundance 2H NMR a l lows  t h e  i n v e s t i g a t o r  t o  
examine t y p i c a l  l i q u e f a c t i o n  r e a c t i o n s  wi thou t  d i s t u r b i n g  t h e  system by t h e  a d d i t i o n  
o f  l a r g e  amounts o f  ex t r aneous  m a t e r i a l s .  

Mart in  et  a l .  demons t r a t ed  r e c e n t l y  t h a t  ve ry  impor t an t  and o f t e n  v e r y  s p e c t a c u l a r  
v a r i a t i o n s  may be found i n  t h e  i n t e r n a l  d i s t r i b u t i o n  o f  deu te r ium w i t h i n  molecules  
(4,  5 ) .  Measurement o f  t h e  n a t u r a l l y  abundant  'H NMR d i s t r i b u t i o n  may be used t o  
p rov ide  v a l u a b l e  i n f o r m a t i o n  on t h e  s e l e c t i v i t y  o f  'H r e p a r t i t i o n .  Mart in  e t  a l .  
a p p l i e d  measurements of t h i s  t y p e  t o  de t e rmine  t h e  o r i g i n  of n a t u r a l  p roduc t s  such 
a s  a l c o h o l s  i n  which samples  from v a r i o u s  s o u r c e s  w i t h  d i f f e r e n t  h i s t o r i e s  had 
d i f f e r e n t  2H NMR d i s t r i b u t i o n s  ( 4 ) .  

I t  may be i n f e r r e d  from t h e  work o f  Cronauer e t  a 1  (6) and o f  Brower (7), t h a t  t h e  
method of Mar t in  may be a p p l i e d  t o  t h e  i n v e s t i g a t i o n  of  t h e  r e a c t i o n s  o f  H-donors 
du r ing  c o a l  l i q u e f a c t i o n .  Brower (7)  r e p o r t e d  t h a t  t h e  H/D k i n e t i c  i s o t o p e  e f f e c t  
f o r  t h e  r e a c t i o n  o f  c o a l  w i t h  t e t r a l i n  c o n t a i n i n g  deu te r ium a t  t h e  a lpha  p o s i t i o n s  
i s  2.1 2 0.1  a t  335OC. The r e a c t i o n  mix tu re  was 1 g of  d e u t e r a t e d  O K  undeu te ra t ed  
t e t r a l i n  w i t h  1 g of  subbi tuminous c o a l  i n  g l a s s  ampules. Ra te s  o f  r e a c t i o n  were 
compared by mon i to r ing  t h e  n a p h t h a l e n e / t e t r a l i n  r a t i o s .  

When Cronauer (6)  c a r r i e d  o u t  l i q u e f a c t i o n  o f  Powhatan No. 5 c o a l  i n  100% 1 , 2 , 3 , 4 -  
d , - t e t r a l i n  s o l v e n t  and i n  100% d 1 2 - t e t r a l i n ,  he a l s o  showed c l e a r l y  t h a t  t h e  a b s t r a -  
c t i o n  of '€I from a hydroaromatic  Carbon having one  2H and one 'H s u b s t i t u t e n t  i s  
g r e a t l y  p r e f e r r e d .  S i n c e  t h e  n a t u r a l  abundance of 2H i s  o n l y  0.015%, t h e  p r o b a b i l i t y  
t h a t  a carbon would have two 2H s u b s t i t u e n t s  i s  v e r y ,  v e r y  s m a l l .  I t  i s  t h e r e f o r e  
p o s s i b l e  t o  use  t h e  n a t u r a l  system a s  an  i n  s i t u  p robe  f o r  comparing r e a c t i v i t i e s  of 
H-donors under  a c t u a l  l i q u e f a c t i o n  c o n d i t i o n s .  

If r e a c t i o n s  occur  which i n v o l v e  a hydroaromatic  ca rbon ,  and 'H i s  p r e f e r e n t i a l l y  
a b s t r a c t e d  each  t i m e ,  t h e  *H d i s t r i b u t i o n  w i l l  show an i n c r e a s e  i n  t h a t  s p e c t r a l  
r e g i o n .  I f  a l a r g e  amount of H-donor a c t i v i t y  i n  t h e  r eg ions  ci and e t o  a romat i c  
r i n g s  (He and H ) o c c u r s  d u r i n g  l i q u e f a c t i o n ,  t h e  2H d i s t r i b u t i o n  shou ld  r e f l e c t  
t h i s  by showing 4 cor re spond ing  i n c r e a s e  in t h e  5 . 0  - 1 . 8  ppm reg ion  o f  t h e  n a t u r a l  
abundance 2H NMR spectrum. 

S i n c e  t h e  n a t u r a l  abundance 2H NMR spectrum r e f l e c t s  t h e  r e a c t i v e  h i s t o r y  o f  t h e  
sample,  adequate  b l ank  expe r imen t s  must  be performed t o  de t e rmine  o r i g i n a l  O K  non- 
a f f e c t e d  *H d i s t r i b u t i o n s .  They always d i f f e r  from t h e  p r o t o n  NMR d i s t r i b u t i o n s  
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when t h e  sample has  r e a c t i v e  h i s t o r y  t h a t  involved  H - t r a n s f e r  r e a c t i o n s .  S i n c e  w e  
used a process  coa l -der ived  l i q u i d  a s  o u r  s o l v e n t ,  t h e  b l a n k  a u t o c l a v e  run was 
e s s e n t i a l .  

Another a s p e c t  of  l i q u e f a c t i o n  i n v o l v e s  t h e  i n t e r a c t i o n  of  p r o c e s s i n g  g a s e s  w i t h  t h e  
s o l v e n t  o r  d i r e c t l y  w i t h  t h e  c o a l  o r  c o a l  f ragments .  
ed by s e v e r a l  i n v e s t i g a t o r s  ( 1 ,  3 ,  8, 9 ,  10) .  The t y p e s  of molecules  t h a t  a r e  
a c t i v e  dur ing  l i q u e f a c t i o n  e i t h e r  through exchange r e a c t i o n s ,  t h r o u g h  hydrogenat ion ,  
hydrogen t r a n s f e r ,  o r  th rough d i r e c t  r e a c t i o n  w i t h  H2 g a s  may be i n f e r r e d  by s u b s t i -  
t u t i n g  deuterium gas  2H2 f o r  t h e  H2  i n  t h e  r e a c t i v e  gas m i x t u r e .  The r e a c t i v e  s i t e s  
a r e  t h e n  l o c a t e d  by 2H NMR o f  t h e  e n r i c h e d  r e a c t i o n  m i x t u r e .  

Experimenta 1 

Autoclave experiments were des igned  t o  s i m u l a t e  p r o c e s s i n g  c o n d i t i o n s  i n  ou r  c o n t i n -  
uous p r o c e s s  bottoms r e c y c l e  l i q u e f a c t i o n  u n i t .  

The experiments were c a r r i e d  o u t  i n  a I - l i t e r  hot-charged a u t o c l a v e  (11) .  The c o a l  
(65 g, maf) s o l v e n t  (120 g) s l u r r y  was hot-charged i n t o  t h e  p r e h e a t e d  a u t o c l a v e ,  
reaching  t h e  o p e r a t i n g  t e m p e r a t u r e  of  45OoC in less t h a n  t w o  m i n u t e s .  The r e a c t a n t  
gas  (40 g, unlabe led)  was 5 0 / 5 0  H 2 / C 0  o r  2H, /C0 a t  a p r e s s u r e  of  3700 p s i g  under  
r e a c t i o n  c o n d i t i o n s .  Residence t ime was 20 minutes a f t e r  which t h e  e n t i r e  c o n t e n t s  
of  t h e  a u t o c l a v e  were t r a n s f e r r e d  i n t o  a quench v e s s e l ,  cooled  and d e p r e s s u r i z e d  a t  
room tempera ture .  Gases were ana lyzed  and t h e  p r o d u c t  s l u r r y  was d i s t i l l e d  (ASTM 
D-1160). The t r a p  c o n t e n t s  (mainly w a t e r ) ,  t h e  ASTM D-1160 d i s t i l l a t e ,  and vacuum 
bottoms were s u b j e c t e d  t o  s e p a r a t i o n s  and NMR a n a l y s e s .  

Mass b a l a n c e s  were o b t a i n e d  u s i n g  a d i f f e r e n t  p o r t i o n  o f  t h e  s l u r r y  and a n a l y z i n g  it 
f o r  w a t e r ,  a s h ,  t e t r a h y d r o f u r a n  (THF) s o l u b i l i t y ,  and vacuum d i s t i l l a t e  a t  5 t o r r .  
The a d d i t i v e ,  when u s e d ,  was 1,2,3,4-tetrahydrophenanthrene (THPhen) ( 0 . 3 3  9). The 
run m a t r i x  i s  shown i n  T a b l e  I .  

T h i s  q u e s t i o n  has  been a d d r e s s -  

TABLE I 

AUTOCLAVE TESTS WITH B I G  BROWN LIGNITE, RECYCLE 
SLURRY DISTILLATE, 450OC and 3400-3700 PSI TOTAL PRESSURE 

Run No. 

3 
4 
5 

P r o c e s s i n g  Gas 

H2/CO 
H2/CO 
2H2/C0 

A d d i t i v e  

None 
THPhen 
THPhen 

The c o a l  and s o l v e n t  chosen f o r  t h e s e  t e s t s  were a Texas l i g n i t e  from t h e  Big Brown 
mine and a r e c y c l e  s l u r r y  ASTM D-1160 d i s t i l l a t e  from a c o n t i n u o u s  p r o c e s s i n g  u n i t  
(CPU) run c a r r i e d  o u t  a t  UNDERC u s i n g  t h e  same c o a l .  The s o l v e n t  was d i s t i l l e d  from 
s l u r r y  c o l l e c t e d  on t h e  t h i r t e e n t h  bottoms r e c y c l e  p a s s .  A c o l d  t r a p  was used 
d u r i n g  d i s t i l l a t i o n  t o  a s s u r e  t h e  c o l l e c t i o n  of a l l  v o l a t i l e  o i l s  and w a t e r .  

The ASTM D-1160 d i s t i l l a t e  of  t h e  a u t o c l a v e  p r o d u c t  was f u r t h e r  s e p a r a t e d  i n t o  
a l k a n e s ,  a r o m a t i c s ,  and p o l a r s  by open column chromatography on n e u t r a l  s i l i c a  g e l  
with  p e n t a n e ,  methylene c h l o r i d e ,  and methanol a s  e l u t i o n  s o l v e n t s .  The f r a c t i o n s  
were c l e a n l y  s e p a r a t e d  a s  shown by examinat ion  of  t h e i r  200 MHz l H  NMR s p e c t r a .  The 
vacuum bottoms (10 g) were S o x h l e t  e x t r a c t e d  w i t h  r e f l u x i n g  CHC1, (500 ml) f o r  20 
hours ,  fo l lowed by THF (500 ml) f o r  20 h o u r s .  The r e s i d u e  c o n s i s t i n g  of  i n o r g a n i c  
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m a t e r i a l ,  i n s o l u b l e  o r g a n i c  m a t t e r  and un reac ted  c o a l  amounted t o  65-70% o f  t h e  
vacuum bot toms.  Chloroform e x t r a c t e d  25-30% whi l e  t h e  remainder of 3 4 %  was extcac-  
t e d  w i t h  THT. 

NMR s p e c t r a  were o b t a i n e d  a t  200 MHz i n  CDzC1, f o r  p r o t o n s  and a t  5 0 . 3  MHz i n  CDCl ,  
f o r  13C u s i n g  p u l s i n g  c o n d i t i o n s  a p p r o p r i a t e  t o  t h e  sample. 2H NMR s p e c t r a  were 
pu l sed  a t  30.7 MHz 1-30,000 t i m e s  depending on t h e  sample. A 45O f l i p  a n g l e  was 
used w i t h  an  a c q u i s i t i o n  t i m e  of 4 seconds and a d e l a y  of 4 seconds.  The so lven t  , 
used was methylene c h l o r i d e ,  CHzC12. 

,H en r i chmen t s  of t h e  f r a c t i o n s  from Experiment 5 were determined by s t a n d a r d  addi-  
t i o n  of CD,ClZ t o  a preweighed o i l  sample. The s t a n d a r d  a d d i t i o n  l i n e  gave a l i n e a r  
r e g r e s s i o n  v a l u e  o f  r = 0 .993 .  The sample was weighed t i g h t l y  covered and d i l u t e d  
immediately wi th  C H 2 C 1 2 .  The enrichment  of t h e  wa te r  samples from t h e  d i s t i l l a t i o n  
t r a p  was determined d i r e c t l y  a g a i n s t  a s t a n d a r d  D,O i n  H,O curve whose l i n e a r  regres-  
s i o n  v a l u e  o f  r was 0.9999. 

RESULTS AND DISCUSSION ~- -- 
E f f e c t  of Added H-Donor 

Tes t  nunibers 3 and 4 were i d e n t i c a l  e x c e p t  t h a t  a s m a l l  amount of an  H-donor, THPhen, ' 
was added t o  Tes t  4 (Table  I ) .  T o t a l  p e r c e n t  conve r s ion  was e s s e n t i a l l y  t h e  same , 
f o r  Runs 3 and 4 (72%, 70%). Conversions t o  THF s o l u b l e s  were 56% and 60%, r e spec -  
t i v e l y .  r 

The 50 MHz 13C s p e c t r a  f o r  t h e  l i g h t  o i l s ,  t h e  d i s t i l l a b l e  o i l s ,  and t h e i r  f r a c t i o n s  
and the  CHC1, s o l u b l e  vacuum bot toms were v e r y  s i m i l a r  f o r  Runs 3 and 4 .  The 200 MHz 
'H NMR s p e c t r a  of t h e  p r o d u c t s  were l i k e w i s e  i n d i s t i n g u i s h a b l e  from run t o  run wi th  
corresponding f r a c t i o n s  showing t h e  same s p e c t r a l  f e a t u r e s .  

, 

The n a t u r a l  abundance 30.7 MHz 2H NMR d i s t r i b u t i o n s  a r e ,  however, q u i t e  d i f f e r e n t  
from each o t h e r  f o r  t h e  a u t o c l a v e  tes ts  w i t h  and wi thou t  t h e  a d d i t i o n  o f  sma l l  
amounts o f  t h e  H-donor, THPhen (Tab le  1 1 ) .  These d i f f e r e n c e s  a r e  mainly seen  i n  t h e  
a lpha  + b e t a  and i n  t h e  a r o m a t i c  r e g i o n s  of t h e  spectrum (F igure  1). The change i n  
t h e  a lpha  + b e t a  r eg ion  gave a r u n  4/run 3 r a t i o  of 1 . 2 5 ,  c l e a r l y  i n d i c a t i n g  i n c r e a s -  
ed  H- t r ans fe r  a c t i v i t y  d u r i n g  Run 4 .  

TABLE I1 

'H NMR AREA DISTRIBUTIONS FOR AUTOCLAVE TEST 
WITH B I G  BROWN TEXAS LIGNITE, H,/CO, 45OoC, MPa (3700 PSI)  

Aromatic (9.6 - 5 . 8  ppm) 
Alpha + Beta (5 -1 .8  ppm) 
Other  (1 .8-0.1 ppm) 

39.7 
28.6 
31.6 

1 .16  
1 .25  
0 .61  

Run 3 Run 4 Run 413 i 

(Area %) (Area %) (Area %) 

45.9 
35.7 
19.4 

To t es t  the  e f f e c t  o f  H-donor a d d i t i o n  wi thou t  l i q u e f a c t i o n  r e a c t i o n ,  two p o r t i o n s  
of l i q u e f a c t i o n  r e c y c l e  s o l v e n t  d i s t i l l a t e  were e q u i l i b r a t e d  f o r  t h r e e  weeks a t  room 
t empera tu re  wi th  and w i t h o u t  t h e  a d d i t i o n  of t h e  same amount o f  H-donor. When 
compared by 2H NMR s p e c t r o s c o p y ,  t h e r e  was no change i n  ,H d i s t r i b u t i o n .  
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The change i n  t h e  2H d i s t r i b u t i o n  under l i q u e f a c t i o n  c o n d i t i o n s  t h e r e f o r e  may b e  
a t t r i b u t e d  t o  an i n c r e a s e d  cumula t ive  i s o t o p e  e f f e c t  d u r i n g  l i q u e f a c t i o n  w i t h  s m a l l  
amounts of added H-donor. The small i n c r e a s e  i n  THF s o l u b l e  p r o d u c t ,  60% a s  compared 
wi th  56% may be r e l a t e d  t o  t h e  H-donor a c t i v i t y  i n c r e a s e  b u t  i s  n o t  a s  n o t a b l e  
dur ing  a u t o c l a v e  t e s t i n g  a s  it would be i n  CPU r e c y c l e  o p e r a t i o n .  

Process ing  wi th  2 H 9 / C 0  

Autoclave T e s t  5 was conducted w i t h  deuter ium-labe led  5 0 / 5 0  2 H 2 / C 0  and added THPhen. 
A deuter ium-enr iched  product  was o b t a i n e d .  T o t a l  convers ion  was 67% and c o n v e r s i o n  
t o  THF s o l u b l e s  was 50%. The 50% convers ion  o f  l i g n i t e  t o  THF s o l u b l e s  i n  Run 5 
processed  w i t h  2H2/C0 i s  s i g n i f i c a n t l y  lower t h a n  t h e  60% convers ion  i n  Run 4 pro-  
c e s s e d  wi th  'H2/C0.  The deuter ium i s o t o p e  e f f e c t  r e s u l t i n g  from t h e  u s e  of  2H2 
r a t h e r  t h a n  'H,, i n  t h e  gas  m i x t u r e  would be expec ted  t o  lower  t h e  y i e l d  o f  TKF 
s o l u b l e s  s i n c e  t h e  r a t e  o f  r e a c t i o n  o f  2H2  i s  expec ted  t o  be s lower  t h a n  t h e  r a t e  o f  
r e a c t i o n  of 'H, ( 7 ) .  

Examination of  t h e  product  by 2H NMR u s i n g  t h e  methods d e s c r i b e d  i n  t h e  Exper imenta l  
s e c t i o n  showed t h a t  2H e n t e r e d  e v e r y  f r a c t i o n  o f  t h e  p r o d u c t ,  i n c l u d i n g  t h e  H20,  t h e  
ASTM d i s t i l l a t e ,  and t h e  s o l u b l e  vacuum bottoms (Table 111) .  The w a t e r  was t h e  most 
h i g h l y  enr iched  f r a c t i o n ,  probably  due t o  t h e  e a s y  exchange o f  water  hydrogens w i t h  
t h e  2H2 g a s .  Other  hydrogens expec ted  t o  exchange r a p i d l y  w i t h  2H2 gas  a r e  t h o s e  
o r t h o  and para t o  p h e n o l i c  OH groups and methylene hydrogens alpha and beta t o  
a r o m a t i c  r i n g s .  The f r a c t i o n s  ( p o l a r s ,  a r o m a t i c s ,  ASTM D-1160 d i s t . )  c o n t a i n i n g  
t h e s e  t y p e s  of  bonds show a p p r e c i a b l e  enrichment (Table 111). I n  t h e  c a s e  of  t h e  
a r o m a t i c  f r a c t i o n  ( F i g u r e  2 ) ,  it i s  even p o s s i b l e  t o  a s s i g n  some o f  t h e  most exchange- 
a b l e  hydrogens t o  s p e c i f i c  compounds. For  example, t h e  peaks a t  3 .9  ppm and 3 . 6  ppm 
i n  t h e  p r o t o n  NMR spectrum (Figure  2 ,  t o p )  can  be p l a i n l y  s e e n  a s  e n r i c h e d  peaks  i n  
t h e  deuterium NMR spectrum (bottom). These peaks a r e  a s s i g n e d  t o  t h e  methylene 
hydrogens of f l u o r e n e  and acenaphthene r e s p e c t i v e l y .  I t  i s  n o t a b l e  t h a t  v e r y  l i t t l e  
enrichment o r  exchange occurs  on t e r m i n a l  methyl carbons  of  a l k y l  c h a i n s  (0 .9  ppm); 
however, t h e  methylene r e g i o n  (21 .2  ppm) i s  e n r i c h e d .  

TABLE I11 

PRODUCTS FROM AUTOCLAVE TEST 5 ( B I G  BROWN TEXAS LIGNITE, 
2 H 2 / C 0 ,  450°C, 3400 PSIG), DETERMINED BY 2H NMR 

Product  

Water 
ASTM D-1160 

D i s t i l l a t e  

F r a c t i o n  of  
D i s t i l l a t e :  

Alkanes 

Aromatics 
P o l a r s  

ASTM D-1160 CHC13 
S o l u b l e  Bottoms 

No. Grams 
i n  Product  

2 9 . 3 1  
109 .4  

11.4 

4 4 . 9  
30 .9  

25 .74  

W t  % 211 

2 .62  
0 . 6 0 6  

0 . 5 8  (by 
d i f f . )  

0 .542  
0.967 

0.605 

W t  % H 
i n  Sample 

11.11 
7.17 

1 4 . 8 8  

7 . 2 0  
7 . 8 1  

5 . 8 4  

"Enrichment 
F a c t o r  

760 
270 

120 

240 
400 

330 

atom % 2~ 
0.0156% (Natura l  Abundance) 
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Figure  3 shows t h e  comparison o f  t h e  ASTM D-1160 d i s t i l l a t e  p o l a r  f r a c t i o n  200 MHz 
‘H NMR spec t rum ( t o p )  and t h e  30.7 MHz 2H NMR spectrum (bottom). The a romat ic  
region of t h e  2H spectrum was more e n r i c h e d  t h a n  t h e  r e s t  of t h e  spectrum. 

Since c o n s i d e r a b l e  amounts o f  2H (about  35 w t .  % of t h e  2H2 added) e n t e r e d  t h e  
p r o d u c t ,  it i s  imposs ib le  t o  a s s i g n  any of  t h e  i n c o r p o r a t e d  2H t o  r e a c t i o n  product 
r a t h e r  t h a n  exchange p r o d u c t .  However, it i s  p o s s i b l e  t o  n o t e  t h a t  some p o r t i o n s  of 
t h e  p r o d u c t  t h a t  were e n r i c h e d  a r e  m a t e r i a l s  t h a t  do n o t  undergo exchange e a s i l y .  
The 2H NIB spectrum of  t h e  a l k a n e s  s e p a r a t e d  from t h e  ASTM D-1160 d i s t i l l a t e  shows 
i n c o r p o r a t i o n  o f  deuter ium i n t o  b o t h  methylene and methyl r e g i o n s  of t h e  spectrum 
and t h e  o v e r a l l  enr ichment  o f  t h e  a l k a n e  f r a c t i o n  i s  1.120 x n a t u r a l  abundance. 

The most a c t i v e l y  e n r i c h e d  p o r t i o n s  o f  t h e  a l k a n e s ,  a r o m a t i c s ,  and p o l a r s  may be 
seen  by comparing Autoc lave  Run 4 (H2/CO) w i t h  Run 5 (2H2/CO), Table  I V  and t o  
compare ASTM D-1160 d i s t i l l a t e  o i l s ,  Table  V .  

Summary 

1. D i f f e r e n c e s  i n  n a t u r a l  abundance 2H NMR d i s t r i b u t i o n s  r e s u l t e d  from d i f f e r e n c e s  
i n  t h e  p r o c e s s i n g  h i s t o r y  o f  t h e  samples .  _. -- -- 

2 .  The a d d i t i o n  o f  smal l  amounts o f  H-donor t o  a l i q u e f a c t i o n  r e a c t i o n  changed t h e  
n a t u r a l  abundance 2H NMR d i s t r i b u t i o n  w i t h  r e s p e c t  t o  an i d e n t i c a l  r u n  wi thout  
added donor .  Changes 
were probably  t h e  r e s u l t  o f  i n c r e a s e d  hydrogen t r a n s f e r  a c t i v i t y  and t h e  cumula- 
t i v e  deuter ium i s o t o p e  e f f e c t s .  

- ~~ 

The ‘H d i s t r i b u t i o n  and I 3 C  d i s t r i b u t i o n  were unchanged. 

3 .  Tests made u s i n g  ‘H2/C0 showed p r o d u c t  i n c o r p o r a t i o n  of 2H t o  >270 t imes  t h e  
The *H d i s t r i h u -  n a t u r a l  abundance a s  de te rmined  by s t a n d a r d  a d d i t i o n  2H NMR. 

t i o n  was n o t  t h e  same a s  i n  t h e  u n l a b e l e d  t e s t .  

4 .  2H e n t e r e d  a l l  f r a c t i o n s  of t h e  p r o d u c t  d u r i n g  t h e  t e s t  wi th  2H2/C0, i n c l u d i n g  
ASTM d i s t i l l a t e  a l k a n e s ,  p h e n o l s  and p o l a r s ,  H20 and s o l u b l e  vacuum bottoms. 
P o l a r s  and H2O were t h e  most e n r i c h e d  f r a c t i o n s ,  p robably  due t o  easy  H-exchange. 

5 .  P r o c e s s i n g  w i t h  2H2/C0 r e s u l t e d  i n  decreased  convers ion  t o  THF s o l u b l e s  when 
compared w i t h  an i d e n t i c a l  r u n  w i t h  l H 2 / C 0 .  
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TABLE I V  

2H NMR AREA PERCENTAGES OF SEPARATED FRACTIONS 
OF RUN 4 AND RUN 5 PRODUCT ASTM-1160 DISTILLATE 

I n t e g r a t e d  Area %, Column F r a c t i o n s ,  ASTM D i s t i l l a t e  

a 
100.0 100 .0  

'HO 

50 .0  35.8 2Ha r 
2 H  39.3 51 .1  

10.7 13 .1  
2 H 0  

33.8 43.2 2Har 
2H 50 .2  42.9 

16.0 13.9 2 H 0  

Alkanes 

Aromatics  

a+$ 

P o l a r s  

a+$ 

Run 5 / 4  

N / A  

0.72 

1 . 3 1  

1 .19  

1.28 

0.85 

0.87 

TABLE V 

COMPARISON OF RESULTS WITH LABELED AND UNLABELED SYNGAS 
(CO/'Hz), (CO/H2), 'H NMR AREA PERCENTAGES, 'H NMR AREA PERCENTAGES 

I n t e g r a t e d  Area,  
% ASTM 0-1160 

D i s t i l l a t e  

l H a r  

IHO 

'H 
a+$ 

Run 4 
(un labe led )  

3 7 . 1  

3 1 . 4  

30.9 

4 5 . 9  

35.7 

1 9 . 4  

Run 5 
( l a b e l e d )  

35.0 

34.3 

29.9 

4 3 . 1  

43 .1  . 

13.2 

Run 5/Run 4 

0.93 

1 . 0 9  

0.97 

0 .95  

1 . 2 1  

0 . 6 8  
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d.DPm 

FIGURE 2. '11 NNR spectrum (top) and *H NNR spectrum of the aromatic fraction of 
autoclave Test 5 with Big Brown Texas lignite and zHz/CO. 

! 

10 Q 2 0 
e J . w m  

FIGURE 1 .  2H NMR spectra of (top) Run 4 (with added THPhen) and (bottom) Run 3 
(without THPen). The peak at 5.2 ppm is the NNR solvent, CHZClZ 
(top) and CH2Clp with added CH2C12-d2 (bottom). The aromatic region 
is designated as 9 .6 -5 .8  ppm, the a and p region as 5.0 to 1.8 ppm 
and other region as  1.8 to 0.1 ppm. 
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FIGURE 3. 'H NMR spectrum (top) and 2H NMR spectrum (bottom) of the polar fraction 
of autoclave Test 5 with Big Brown Texas lignite and 2H2/C0. 
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INFERENCE OF SUBBITUMINOUS COAL STRUCTURE FROM 
L I Q U E F A C T I O N  O F  W Y O D A K  C O A L  I N  M O D E L  S O L V E N T S *  

T h o m a s  D .  P a d r i c k  a n d  S t e v e n  J .  L o c k w o o d  
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I n t r o d u c t i o n  

K n o w l e d g e  o f  t h e  s t r u c t u r e  o f  c o a l  i s  n e c e s s a r y  i f  we a r e  t o  
u n d e r s t a n d  c o a l  l i q u e f a c t i o n  m e c h a n i s m s  a n d  d e v e l o p  n o v e l  p r o c e s s  
c o n c e p t s .  Two i m p o r t a n t  a s p e c t s  o f  c o a l  s t r u c t u r e  a r e  t h e  d e t a i l e d  
s t r u c t u r e  o f  c o a l  f r a g m e n t s  a n d  t h e  n a t u r e  o f  t h e  b o n d s  w h i c h  h o l d  
t h e s e  f r a g m e n t s  t o g e t h e r  ( c r o s s l i n k s ) ,  t h e  l a t t e r  b e i n g  t h e  m o s t  
s i g n i f i c a n t  t o  m e c h a n i s m  s t u d i e s .  T h e  m o s t  w i d e l y  a c c e p t e d  m o d e l  
f o r  c o a l  i s  t h a t  r e p o r t e d  by G r e e n ,  e t  a l . 1  T h e i r  m o d e l  c o n s i s t s  
o f  a m a c r o m o l e c u l a r  t h r e e - d i m e n s i o n a l  n e t w o r k  o f  a r o m a t i c  
" c l u s t e r s " ,  c r o s s l i n k e d  t h r o u g h  c o v a l e n t  b o n d s .  I n  t h e i r  m o d e l ,  
h y d r o g e n  b o n d s  p l a y  a s e c o n d a r y  r o l e ,  f o r m i n g  o n l y  w e a k e r  b o n d s  
b e t w e e n  m o l e c u l a r  p l a n e s .  We s h a l l  p r e s e n t  e v i d e n c e  i n  t h i s  p a p e r  
t h a t  i n d i c a t e s  t h a t  h y d r o g e n  b o n d s  a r e  t h e  p r i m a r y  b o n d s  h o l d i n g  
Wyodak  c o a l  f r a g m e n t s  t o g e t h e r .  E v i d e n c e  a l s o  s u  g e s t  t h a t  h y d r o g e n  
b o n d s  a r e  i m p o r t a n t  i n  b i t u m i n o u s  c o a l  s t r u c t ~ r e , ~ , ~  b u t  t h i s  w i l l  
n o t  b e  d i s c u s s e d  h e r e .  

o b t a i n e d  by o b s e r v i n g  t h e  i n t e r a c t i o n  o f  v a r i o u s  s o l v e n t s  w i t h  
c o a l .  Much o f  t h e  i n f o r m a t i o n  f o r  t h e  m o d e l  o f  c o a l  p r e s e n t e d  by  
G r e e n ,  e t  a l .  was o b t a i n e d  f r o m  c o a l  s w e l l i n g  e x p e r i m e n t s . 4  
Pampuch-ons t r a t ed  t h a t  t h e  s p e c i f i c  i n t e r a c t i o n  b e t w e e n  p o l a r  
l i q u i d s  a n d  c o a l  is t h e  f o r m a t i o n  o f  h y d r o g e n  b o n d s .  A l s o ,  s e v e r a l  
r e c e n t  s t u d i e s  h a v e  f o c u s e d  o n  t h e  d e p o l y m e r i z a t i o n  o f  c o a l  t h r o u g h  
d i r e c t  s o l v e n t  a t t a c k .  L a r s e n ,  e t  a 1 . 6  o b s e r v e d  d e p o l y m e r i z a t i o n  
o f  t h r e e  c o a l s  i n  p y r i d i n e  a t  350OC. T h e  e x a c t  n a t u r e  o f  t h e  
c o a l - s o l v e n t  i n t e r a c t i o n  w a s  n o t  d e s c r i b e d .  L a r s e n 7  h a s  a l s o  
o b s e r v e d  d e p o l y m e r i z a t i o n  o f  I l l i n o i s  No.  6 c o a l  i n  a l i p h a t i c  a m i n e  
b a s e s  a t  300 'C .  

c o a l  w i t h  a v a r i e t y  o f  m o d e l  s o l v e n t s  t o  b e t t e r  u n d e r s t a n d  t h e  
n a t u r e  o f  t h e  c r o s s l i n k s  i n  s u b b i t u m i n o u s  c o a l .  We h a v e  o b s e r v e d  
e x t e n s i v e  d e p o l y m e r i z a t i o n  o f  Wyodak c o a l  u n d e r  l o w  s e v e r i t y  
c o n d i t i o n s ,  a n d  p r o p o s e  t h a t  t h i s  d e p o l y m e r i z a t i o n  i s  t h e  r e s u l t  o f  
d i s r u p t i o n  of  h y d r o g e n  b o n d s  i n  t h e  c o a l .  

I n f o r m a t i o n  a b o u t  t h e  n a t u r e  o f  t h e  c r o s s l i n k s  i n  c o a l  h a s  b e e n  

We h a v e  s t u d i e d  t h e  i n t e r a c t i o n  b e h a v i o r  o f  Wyodak  s u b b i t u m i n o u s  

E x p e r i m e n t a l  

T h e  d a t a  r e p o r t e d  b e l o w  w e r e  o b t a i n e d  f r o m  b a t c h  m i c r o r e a c t o r  
r u n s  u s i n g  Wyodak  c o a l  ( S o u t h  P i t  M i n e )  a n d  s e l e c t e d  m o d e l  
s o l v e n t s .  T h e  p r o x i m a t e  a n d  u l t i m a t e  a n a l y s i s  o f  t h e  Wyodak  c o a l  
a r e  l i s t e d  i n  T a b l e  1. T h e  s o l v e n t s  w e r e  a l l  u s e d  a s  r e c e i v e d  f r o m  
t h e  m a n u f a c t u r e r  a t  t h e  s t a t e d  p u r i t y  l e v e l .  T h e  3 5  c m 3  
m i c r o r e a c t o r s  were l o a d e d  w i t h  a n  8 g r a m  s a m p l e  o f  a 2 1 1  s o l v e n t  t o  
c o a l  m i x t u r e .  T h e y  w e r e  t h e n  p r e s s u r i z e d  t o  1 0 0 0  p s i g  w i t h  e i t h e r  

* T h i s  w o r k  s u p p o r t e d  by  t h e  U. S .  D e p t .  o f  E n e r g y  a t  S a n d i a  N a t i o n a l  
~ ~ b o r a t o r i e s  u n d e r  C o n t r a c t  No. DE-AC04-76DP00789.  
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h y d r o g e n  o r  n i t r o g e n .  A f e w  s o l v e n t s  w e r e  u s e d  i n  e x p e r i m e n t s  a t  
h i g h e r  s o l v e n t  t o  c o a l  r a t i o s  t o  s e e  i f  s o l v e n t  v o l a t i l i z a t i o n  w a s  a 
p r o b l e m  u n d e r  o u r  c o n d i t i o n s .  N e g l i g i b l e  d i f f e r e n c e s  i n  c o n v e r s i o n s  
i n d i c a t e  t h a t  a t  375OC a n d  a 1000 p s i g  c o l d  c h a r g e ,  s o l v e n t  
v o l a t i l i z a t i o n  d o e s  n o t  l o w e r  t h e  s o l v e n t  t o  c o a l  r a t i o  e n o u g h  t o  
a l t e r  o u r  r e s u l t s .  T h e  m i c r o r e a c t o r s  were h e a t e d  ('d m i n u t e s  t o  
r e a c h  r e a c t i o n  t e m p e r a t u r e )  i n  a f l u i d i z e d  s a n d  b a t h  a n d  h e l d  a t  
t e m p e r a t u r e  f o r  t h e  s p e c i f i e d  t i m e .  T h e  m i c r o r e a c t o r s  w e r e  t h e n  
c o o l e d  ( % 3 0  s e c o n d s  f o r  a 200OC q u e n c h )  i n  a s e c o n d  f l u i d i z e d  s a n d  
b a t h  h e l d  a t  room t e m p e r a t u r e .  C o n v e r s i o n  t o  THF s o l u b l e  p r o d u c t s  
w a s  - o b t a i n e d  by  s u b s a m p l i n g  t h e  w h o l e  l i q u i d  p r o d u c t  f r o m  t h e  
m i c r o r e a c t o r ,  s o n i c a t i n g  t h e  s a m p l e  i n  THF a n d  t h e n  p r e s s u r e  
f i l t e r i n g  t h r o u g h  a 0 . 2  m i c r o n  M i l i p o r e  f i l t e r .  T h e  f i l t r a t e  w a s  
t h e n  a n a l y z e d  by g e l  p e r m e a t i o n  h i g h  p e r f o r m a n c e  l i q u i d  
c h r o m a t o g r a p h y  (HPLC) t o  o b s e r v e  d i f f e r e n c e s  i n  p r o d u c t  
d i s t r i b u t i o n s . 8  T h i s  t e c h n i q u e  s e p a r a t e s  t h e  f i l t r a t e  i n t o  h i g h ,  
i n t e r m e d i a t e ,  a n d  l o w  m o l e c u l a r  w e i g h t  f r a c t i o n s .  T h e s e  f r a c t i o n s  
a r e  c o m p a r a b l e  t o  t h e  c l a s s i c a l  p r e a s p h a l t n e  (mw-% 1000-), a s p h a l t e n e  
(mw % , 5 0 g  a n d  o i l  (mw Q, 2 5 0 )  f r a c t i o n s  o b t a i n e d  by  S o x h l e t  
a n a l y s i s .  

c r o s s l i n k e d  5 %  p h e n y l  m e t h y l  s i l i c o n e  c o l u m n .  T h e  o v e n  t e m p e r a t u r e  
was p r o g r a m m e d  f r o m  1 0 0 ° C  t o  2 5 0 ° C  a t  2 ' C / m i n .  T h e  c a r r i e r  g a s  f l o w  
r a t e  w a s  0 . 5  c m 3 / m i n u t e .  S e p a r a t e d  p r o d u c t s  w e r e  i d e n t i f i e d  by  a 
f l a m e  i o n i z a t i o n  d e t e c t o r .  P r o d u c t  m o l e c u l e s  a s  l a r g e  a s  f o u r  a n d  
f i v e  member  r i n g  c o m p o u n d s  h a v e  b e e n  i d e n t i f i e d  by t h e  a b o v e  G C  
a n a l y s i s  t e c h n i q u e .  H o w e v e r ,  w e  c a n n o t  b e  c e r t a i n  a l l  THF s o l u b l e  
m a t e r i a l  p a s s e d  t h r o u g h  t h e  G C  c o l u m n .  

_-- C a p i l l a r y  G C  a n a l y s i s  w a s  p e r f o r m e d  o n  a n  HP 5 8 0 0  u s i n g  a 

R e s u l t s  a n d  D i s c u s s i o n  

We b e g a n  our i n v e s t i g a t i o n  o f  Wyodak  c o a l  l i q u e f a c t i o n  i n  m o d e l  
s o l v e n t s  by  c o n d u c t i n g  e x p e r i m e n t s  i n  t e t r a h y d r o  u i n o l i n e  ( T H Q ) .  
THQ h a s  b e e n  o b s e r v e d  t o  e n h a n c e  c o a l  c o n v e r s i o n ?  a n d  a l s o  t o  
a d d u c t  t o  c o a l   product^.^ T h u s  o u r  i n i t i a l  i n v e s t i g a t i o n  c e n t e r e d  
o n  l e a r n i n g  i f  t h e  s a m e  c h a r a c t e r i s t i c  o f  THQ w a s  r e s p o n s i b l e  f o r  
b o t h  a d d u c t  f o r m a t i o n  a n d  e n h a n c e d  c o n v e r s i o n .  T H Q  i s  b o t h  a b a s i c  
n i t r o g e n  c o m p o u n d  a n d  a h y d r o g e n  d o n o r .  W h i l e  i t s  b a s i c  
c h a r a c t e r i s t i c  i s  p r o b a b l y  r e s p o n s i b l e  f o r  a d d u c t  f o r m a t i o n ,  i t  i s  
u n k n o w n  w h i c h  p r o p e r t y  c o n t r i b u t e s  m o s t  t o  t h e  e n h a n c e d  c o a l  
c o n v e r s i o n s  o b s e r v e d  i n  THQ. 

t h e  p r o d u c t  d i s t r i b u t i o n s  f o r  Wyodak c o a l  l i q u e f i e d  a t  3 7 5 ' C ,  
2 0  m i n u t e s  a n d  1 0 0 0  p s i g  H2 i n  1 , 2 , 3 , 4 - T H Q ,  q u i n o l i n e  a n d  
5 , 6 , 7 , 8 - T H Q .  Q u i n o l i n e  i s  a n o n - h y d r o g e n  d o n o r  a n d  s h o w s  o n l y  2 3 %  
c o n v e r s i o n  c o m p a r e d  t o  80% c o n v e r s i o n  f o r  1 , 2 , 3 , 4 - T H Q  a n d  58% 
c o n v e r s i o n  f o r  5 , 6 , 7 , 8 - T H Q .  I n  a d d i t i o n  t o  b e i n g  a n o n - h y d r o g e n  
d o n o r ,  t h e  n i t r o g e n  g r o u p  i n  q u i n o l i n e  i s  a t e r i a r y  a m i n e  r a t h e r  
t h a n  a s e c o n d a r y  a m i n e  a s  i n  1 , 2 , 3 , 4 - T H Q .  T h e  5 , 6 , 7 , 8 - T H Q  s h o u l d  
h a v e  s i m i l a r  h y d r o g e n  d o n o r  c h a r a c t e r i s t i c  a s  t h e  1 , 2 , 3 , 4 - T H Q ,  b u t  
t h e  c o n v e r s i o n  i s  m u c h  l o w e r .  T h e  a p p a r e n t  d i f f e r e n c e  b e t w e e n  t h e  
t w o  h y d r o g e n a t e d  q u i n o l i n e s  i s  t h a t  5 , 6 , 7 , 8 - T H Q  h a s  t h e  s a m e  b a s e  
s t r u c t u r e  a s  q u i n o l i n e .  

F o r  c o m p a r i s o n ,  we  m e a s u r e d  t h e  c o n v e r s i o n  o f  Wyodak  c o a l  i n  
c o n v e n t i o n a l  h y d r o g e n  d o n o r  s o l v e n t s ,  s u c h  a s  t e t r a l i n ,  
h e x a h y d r o p y r e n e  a n d  d i h y d r o p h e n a n t h r e n e .  F i g u r e  2 s h o w s  t h e  r e s u l t s  
f o r  t h e s e  t h r e e  s o l v e n t s .  W h i l e  s o m e  s l i g h t  d i f f e r e n c e s  a r e  
o b s e r v e d ,  Wyodak  c o n v e r s i o n  t o  THF s o l u b l e  p r o d u c t s  i n  a g o o d  
h y d r o g e n  d o n o r  s o l v e n t  i s  5 5 - 6 0 %  a t  t h e s e  l o w  s e v e r i t y  c o n d i t i o n s .  

F i g u r e  1 t a b u l a t e s  t h e  c o n v e r s i o n s  t o  THF s o l u b l e  p r o d u c t s  a n d  
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T h i s  i s  t h e  s a m e  l e v e l  o f  c o n v e r s i o n  t h a t  w a s  o b s e r v e d  f o r  
5 , 6 , 7 , 8 - T H Q .  A p p a r e n t l y ,  in 5 , 6 , 7 , 8 - T H Q  o n l y  t h e  h y d r o g e n  d o n o r  
c h a r a c t e r i s t i c  c o n t r i b u t e s  t o  t h e  o b s e r v e d  c o n v e r s i o n ,  i . e . ,  t h e r e  
is l i t t l e  c o n t r i b u t i o n  f r o m  t h e  q u i n o l i n e  ty .pe  n i t r o g e n  s t r u c t u r e .  
I f  5 , 6 , 7 , 8 - T H Q  a n d  1 , 2 , 3 , 4 - T H Q  a r e  s i m i l a r  h y d r o g e n  d o n o r s ,  t h i s  
d a t a  w o u l d  s u g g e s t  t h a t  t h e  e n h a n c e d  c o n v e r s i o n  o b s e r v e d  i n  
1 , 2 , 3 , 4 - T H Q  i s  a r e s u l t  o f  t h e  s e c o n d a r y  a m i n e  s t r u c t u r e .  . 

n o t  p o s s e s s  h y d r o g e n  d o n o r  c h a r a c t e r i s t i c s .  T h i s  w a s  d o n e  t o  
c l a r i f y  t h e  r o l e  o f  t h e  b a s i c  f u n c t i o n a l i t y .  F i g u r e  3 s h o w s  t h e  
r e s u l t s  o f  t h r e e  l i q u e f a c t i o n  runs m a d e  i n  b e n z o f u r a n ,  i n d o l e  a n d  
a c r i d i n e .  We m e a s u r e d  a 6 2 %  c o n v e r s i o n  f o r  Wyodak  c o a l  l i q u e f i e d  i n  
i n d o l e .  C o n v e r s i o n s  i n  a c r i d i n e  a n d  b e n z o f u r a n  w e r e  q u i t e  l o w .  T h e  
h i g h  c o n v e r s i o n  i n  i n d o l e ,  a n o n - d o n o r  s o l v e n t ,  s u g g e s t s  a s t r o n g  
i n t e r a c t i o n  b e t w e e n  t h e  c o a l  a n d  t h e  b a s i c  n i t r o g e n  f u n c t i o n a l i t y .  

The  HPLC s p e c t r a  f r o m  t h e  e x p e r i m e n t s  w i t h  s e v e r a l  b a s i c  
n i t r o g e n  s o l v e n t s  s h o w e d  a new p e a k  i n  t h e  p r o d u c t  d i s t r i b u t i o n .  
F i g u r e  4 i l l u s t r a t e s  t h e  a p p e a r a n c e  o f  t h i s  new m o l e c u l a r  w e i g h t  
p e a k .  We s e e  t h a t  a s m a l l  c o m p l e x  o b s e r v e d  w i t h  1 , 2 , 3 , 4 - T H Q  h a s  
g r o w n  t o  b e  a p r e d o m i n a n t  p e a k  in t h e  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n  
o f  t h e  THF s o l u b l e  f i l t r a t e  f r o m  Wyodak  l i q u e f a c t i o n  i n  i n d o l e .  We 
p r o p o s e  t h a t  t h i s  new p e a k  i s  t h e  r e s u l t  o f  a n  a s s o c i a t i o n  b e t w e e n  
s o l v e n t  a n d  c o a l  m o l e c u l e s .  

t o  t h e  new p e a k s  s h o w n  i n  F i g u r e  4 .  S i n c e  t h e  c o m p l e x  p e a k  o c c u r s  
n e a r  t h e  a s p h a l t e n e  p e a k ,  we a s s u m e d  t h a t  t h e  m o l e c u l a r  w e i g h t  o f  
t h e  i s o l a t e d  s a m p l e s  was a p p r o x i m a t e l y  4 0 0  amu .  K n o w i n g  t h e  
e l e m e n t a l  c o m p o s i t i o n  o f  i n d o l e ,  Wyodak  c o a l  a n d  t h e  i s o l a t e d  
s a m p l e s ,  a n d  a s s u m i n g  a u n i f o r m  e l e m e n t a l  d i s t r i b u t i o n  f o r  t h e  c o a l ,  
a l l o w e d  u s  t o  c o n c l u d e  t h a t  t h e  i s o l a t e d  s a m p l e s  c o n t a i n e d  
a p p r o x i m a t e l y  6 0 %  i n d o l e .  T h i s  r e s u l t  i s  c o n s i s t e n t  w i t h  a c o m p l e x  
c o m p o s e d  o f  t w o  i n d o l e  m o l e c u l e s  a n d  o n e  c o a l  m o l e c u l e .  T h e  c o a l  
m o l e c u l e  w o u l d  h a v e  a m o l e c u l a r  w e i g h t  o f  a p p r o x i m a t e l y  1 6 0  amu i f  
t h e  e l e m e n t a l  d i s t r i b u t i o n  o f  Wyodak c o a l  i s  a s s u m e d .  S u c h  a 
c o m p l e x  w o u l d  h a v e  a m o l e c u l a r  w e i g h t  o f  Q 3 9 4  a m u ,  i n  e x c e l l e n t  
a g r e e m e n t  w i t h  t h e  v a l u e  o f  Q 4 0 0  amu o b s e r v e d  for t h e  i s o l a t e d  
s a m p l e s .  T h u s ,  our e l e m e n t a l  a n a l y s e s ,  i n  c o n j u n c t i o n  w i t h  t h e  
l o c a t i o n  o f  t h e  c o m p l e x  p e a k  i n  t h e  HPLC m o l e c u l a r  w e i g h t  s p e c t r u m ,  
a r e  c o n s i s t e n t  w i t h  a c o m p l e x  c o m p o s e d  o f  t w o  i n d o l e s  t o  o n e  2 . 1 6 0  
amu c o a l  m o l e c u l e .  

s t r o n g e r  b a s e  s h o u l d  d i s p l a c e  t h e  i n d o l e  f r o m  t h e  c o m p l e x .  We 
r e f l u x e d  a p o r t i o n  o f  t h e  c o m p l e x  i n  d i b u t y l a m i n e  a t  % 1 5 0 ° C  f o r  2 
h o u r s .  C a p i l l a r y  G C  o f  t h e  c o m p l e x  b e f o r e  a n d  a f t e r  r e f l u x i n g  
s h o w e d  s t r i k i n g  d i f f e r e n c e s .  B e f o r e  r e a c ' t i o n  w i t h  d i b u t y l a m i n e ,  t h e  
c a p i l l a r y  G C  s p e c t r u m  h a d  o n l y  t w o  m a j o r  p e a k s  a t  v e r y  l o n g  
r e t e n t i o n  t i m e .  F o l l o w i n g  t h e  d i b u t y l a m i n e  r e f l u x ,  a l a r g e  p e a k  f o r  
f r e e  i n d o l e  was d e t e c t e d  a n d  s e v e r a l  new p e a k s  a p p e a r e d  a t  
i n t e r m e d i a t e  r e t e n t i o n  t i m e s .  T h e  m a j o r  p e a k s  p r e v i o u i l y  a s s o c i a t e d  
w i t h  t h e  c o m p l e x  w e r e  n e a r l y  e l i m i n a t e d .  T h i s  i n d i c a t e s  t h a t  t h e  
c o a l - i n d o l e  c o m p l e x  w a s  b o u n d  t o g e t h e r  t h r o u g h  a s s o c i a t i v e  h y d r o g e n  
b o n d s .  

e l e c t r o n - a c c e p t o r  o r  a e l e c t r o n - d o n o r  b y  v i r t u e  o f  t h e  N-H g r o u p .  
H o w e v e r ,  s i n c e  t h e  u n s h a r e d  e l e c t r o n  p a i r  o n  t h e  n i t r o g e n  
p a r t i c i p a t e s  in t h e  r i n g  r e s o n a n c e ,  w e  w o u l d  e x p e c t  i n d o l e  t o  b e  a 
p o o r  e l e c t r o n  d o n o r .  We t e s t e d  t h e  h y d r o g e n  b o n d i n g  r o l e  o f  i n d o l e  
by l i q u i f y i n g  Wyodak  in 1 - m e t h y l i n d o l e .  W i t h  t h i s  s o l v e n t ,  i n  w h i c h  
t h e  h y d r o g e n  o n  t h e  n i t r o g e n  h a s  b e e n  r e p l a c e d  by  a m e t h y l  g r o u p ,  

We n e x t  c o n d u c t e d  e x p e r i m e n t s  i n  o t h e r  b a s i c  s o l v e n t s ,  w h i c h  d i d  

U s i n g  p r e p a r a t o r y - s c a l e  HPLC, w e  i s o l a t e d  s a m p l e s  c o r r e s p o n d i n g  

I f  t h e  i n d o l e - c o a l  c o m p l e x  i s  h e l d  t o g e t h e r  b y  h y d r o g e n  b o n d s ,  a 

I n d o l e  may p a r t i c i p a t e  i n  a h y d r o g e n  b o n d  a s  e i t h e r  a n  
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t h e  s o l v e n t  c a n n o t  a c t  a s  a n  e l e c t r o n - a c c e p t o r  i n  t h e  f o r m a t i o n  o f  
h y d r o g e n  b o n d s .  T a b l e  2 l i s t s  t h e  c o n v e r s i o n  r e s u l t s  a n d  s t r u c t u r a l  
d i f f e r e n c e s  f o r  i n d o l e  a n d  m e t h y l i n d o l e .  B e s i d e s  t h e  d r a m a t i c  
d e c r e a s e  i n  Wyodak  c o n v e r s i o n ,  HPLC s p e c t r a  , i n d i c a t e  v e r y  l i t t l e  
c o m p l e x  f o r m a t i o n  f o r  l i q u e f a c t i o n  i n  m e t h y l i n d o l e .  T h e s e  r e s u l t s  
i n d i c a t e  t h a t  i n d o l e  a c t s  p r i m a r i l y  a s  a n  e l e c t r o n - a c c e p t o r  i n  
h y d r o g e n  b o n d  f o r m a t i o n  a n d  t h a t  l o s s  o f  h y d r o g e n  b o n d i n g  a b i l i t y  o f  
t h e  s o l v e n t  s e v e r e l y  r e d u c e s  t h e  Wyodak  c o n v e r s i o n .  

T h e  i n i t i a l  e x p e r i m e n t s  w e r e  p e r f o r m e d  u n d e r  1 0 0 0  p s i g  
h y d r o g e n .  I f  i n d o l e  i s  s o l u b i l i z i n g  c o a l  t h r o u g h  d i s r u p t i o n  o f  
c o a l - c o a l  h y d r o g e n  b o n d s  a n d  f o r m a t i o n  o f  c o a l - i n d o l e  h y d r o g e n  
b o n d s ,  t h e n  t h e r e  s h o u l d  b e  n o  h y d r o g e n  c o n s u m p t i o n .  We m e a s u r e d  
t h e  X c o n v e r s i o n  t o  THF s o l u b l e  p r o d u c t s  f o r  a p o o r  s o l v e n t  
( q u i n o l i n e )  a n d  i n d o l e  u n d e r  b o t h  h y d r o g e n  a n d  n i t r o g e n  p r e s s u r e .  
C o n v e r s i o n s  f o r  q u i n o l i n e  a n d  i n d o l e  w e r e  v i r t u a l l y  t h e  s a m e  u n d e r  
e i t h e r  r e a c t i n g  a t o m s p h e r e .  T h i s  s u g g e s t s  l i t t l e  o r  n o  h y d r o g e n  
c o n s u m p t i o n  f r o m  t h e  g a s  p h a s e ,  d e s p i t e  t h e  l a c k  o f  h y d r o g e n  
a v a i l a b l e  f r o m  e i t h e r  s o l v e n t .  

A t  3 7 5 ' C ,  t h e r e  i s  s u f f i c i e n t  t h e r m a l  e n e r g y  f o L  s o m e  -bond - 
r u p t u r e ,  b o t h  c o v a l e n t  b o n d s  a n d  h y d r o g e n  b o n d s .  H o w e v e r ,  u n d e r  
h y d r o g e n  d e f i c i e n t  c o n d i t i o n s ,  l i t t l e  c o n v e r s i o n  c a n  b e  a t t r i b u t e d  
t o  c o v a l e n t  b o n d  r u p t u r e  a s  i n d i c a t e d  b y  a m e a s u r e d  2 0 %  c o n v e r s i o n  
i n  n a p h t h a l e n e .  3 7 5 ° C  s h o u l d  b e  s u f f i c i e n t  t o  b r e a k  m o s t  h y d r o g e n  
b o n d s .  W i t h o u t  a s t r o n g  h y d r o g e n  b o n d i n g  s o l v e n t ,  t h e s e  b o n d s  w o u l d  
r e a s s o c i a t e  a s  t h e  l i q u e f a c t i o n  p r o d u c t  c o o l s  t o  r o o m  t e m p e r a t u r e .  
W i t h  i n d o l e  or a n o t h e r  s o l v e n t  c a p a b l e  o f  f o r m i n g  h y d r o g e n  b o n d s  a s  
s t r o n g  o r  s t r o n g e r  t h a n  t h o s e  p r e s e n t  i n  t h e  c o a l ,  t h e s e  h y d r o g e n  
b o n d i n g  s i t e s  i n  t h e  c o a l  m o l e c u l e  a r e  t i e d  u p  a s  c o a l - i n d o l e  
b o n d s .  Now a s  t h e  p r o d u c t  c o o l s ,  r e a s s o c i a t i o n  b e t w e e n  c o a l  
m o l e c u l e s  d o e s  n o t  o c c u r  a n d  s o l u b l e  c o a l - i n d o l e  c o m p l e x e s  a r e  
f o r m e d .  T h i s  m e c h a n i s m  i s  s h o w n  i n  F i g u r e  5 .  T h i s  t y p e  o f  
m e c h a n i s m  i s  c o n s i s t a n t  w i t h  o u r  d a t a  a n d  s u g g e s t  t h a t  a l a r g e  
f r a c t i o n  o f  t h e  Wyodak  " c l u s t e r s "  a r e  h e l d  t o g e t h e r  s o l e l y  b y  
h y d r o g e n  b o n d s .  

C o n c l u s i o n s  

We h a v e  o b s e r v e d  a h i g h  c o n v e r s i o n  o f  Wyodak  c o a l  t o  THF s o l u b l e  
p r o d u c t s  u s i n g  i n d o l e  a s  t h e  l i q u e f a c t i o n  v e h i c l e .  We o b s e r v e d  
f o r m a t i o n  o f  h y d r o g e n  b o n d e d  c o m p l e x e s  b e t w e e n  i n d o l e  a n d  c o a l  
m o l e c u l e s .  We d e t e r m i n e d  t h a t  t h e  i m p o r t a n t  s t r u c t u r a l  f e a t u r e  o f  
i n d o l e  i s  t h e  N - H  g r o u p  w h i c h  a c t s  p r i m a r i l y  a s  a n  e l e c t r o n - a c c e p t o r  
i n  f o r m i n g  h y d r o g e n  b o n d s .  S o l u b i l i z a t i o n  o f  Wyodak  c o a l  i n  i n d o l e  
c a n  bes t  b e  r e p r e s e n t e d  b y  t h e  p a t h w a y  p r e s e n t e d  i n  F i g u r e  5 .  

T h e s e  r e s u l t s  f o r  W y o d a k  l i q u e f a c t i o n  i n  i n d o l e  d e p i c t  a 
l i q u e f a c t i o n  m e c h a n i s m  b a s e d  o n  s t a b i l i z t i o n  o f  h y d r o g e n  b o n d i n g  
s i t e s  i n  t h e  c o a l .  B u t  m o r e  i m p o r t a n t l y ,  t h e y  i n d i c a t e  t h a t  a l a r g e  
f r a c t i o n  o f  Wyodak  c o a l  i s  c r o s s l i n k e d  by  h y d r o g e n  b o n d s .  T h e  l a r g e  
f r a c t i o n  o f  p r o d u c t  w h i c h  i s  p r o d u c e d  a s  a c o m p l e x  w i t h  m o l e c u l a r  
w e i g h t  n e a r  t h e  c l a s s i c a l  a s p h a l t e n e  m o l e c u l a r  w e i g h t  r a n g e  s u g g e s t s  
t h a t  Wyodak  c o a l  i s  c o m p o s e d  o f  c l u s t e r s  w i t h  m o l e c u l a r  w e i g h t s  

Q 1 6 0 .  T h i s  s t r u c t u r a l  i n f o r m a t o n  s u g g e s t s  t h a t  a l i q u e f a c t i o n  
p r o c e d u r e  d e s i g n e d  t o  a t t a c k  t h e  o x y g e n  f u n c t i o n a l i t y  r e s p o n s i b l e  
f o r  h y d r o g e n  b o n d i n g  i n  t h e  c o a l  w o u l d  r e s u l t  i n  h i g h  c o n v e r s i o n  t o  
a l o w  m o l e c u l a r  w e i g h t  p r o d u c t .  

I 

I 

I '  
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T a b l e  1 .  P r o x i m a t e  and U l t i m a t e  A n a l y s i s  o f  Wyodak Coa l  

( S o u t h  P i t  M i n e )  

P r o x i m a t e *  U 1  t i ma t e *  

% M o i s t u r e  8 . 4 5  % M o i s t u r e  8 . 4 5  

% V o l a t i l e  4 0 . 6 6  % Carbon  6 0 . 6 2  

% F i x e d  Carbon  4 1 . 0 2  % H y d r o g e n  4 . 3 5  

% A s h  9 . 8 7  % N i t r o g e n  0 . 9 4  

1 0 0 . 0 0  % S u l f u r  0 . 6 8  

% Oxygen  ( d i f f )  1 5 . 0 9  

% Ash 9 . 8 7  

100.00 

* Commerc ia l  T e s t i n g  6 E n g i n e e r i n g  C o . ,  D e n v e r ,  C O  8 0 2 3 9  

T a b l e  2 .  Wyodak l i q u e f a c t i o n  r e s u l t s  a t  3 7 5 " C ,  2 0  m i n u t e s  

and 1 0 0 0  p s i g  n i t r o g e n .  

I n d o l e  

X THF 

C o n v e r s i o n  6 2 %  - 

M e t h y l i n d o l e  

CH3 

3 5 %  - 
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Figure 1. Liquefaction results for Wyodak 
coal in quinoline type solvents. 
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Figure 2. Liquefaction results for Wyodak 
coal in hydrogen donor solvents. 
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Figure 3. Liquefaction results for Wyodak 
coal in other basic solvents. 
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Figure 4. HPLC spectra of the THF soluble 
filtrate from microreactor runs. 
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Figure 5.  Indole disrupts hydrogen bonded coal matrix to form THF soluble complexes. 
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THERMAL REACTIVITY STUDIES OF SOLVENT R E F I N E D  COAL 
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ABSTRACT 

Four solvent refined coal ( S R C )  samples obtained from Kentucky 9/14 and I l l i n o i s  6 
coals  have been thermally hydrogenated in a s t i r r e d  microautoclave reactor  a t  shor t  
contact time coal l iquefact ion reaction conditions. No coal or c a t a l y s t  was used 
in  any of the runs, Reactivity of each SRC sample was monitored using C -427°C 
d i s t i l l a t e  y i e l d ,  hydrogen consumption, hydrogen-free gas make, and solvent  solu- 
b i l i t y  measurements. 

I n i t i a l  resu l t s  indicated the existence of various interconversion reactions among 
the  o i l ,  asphaltene, preasphaltene, and pyridine insoluble  organic matter (IOM) 
f rac t ions  of c a t a l y t i c a l l y  unhydrogenated Kentucky SRC a t  selected reaction condi- 
t ions .  The net r e s u l t  of this reaction sequence was a r e l a t i v e l y  high C -427°C 
d i s t i l l a t e  yield with minimal hydrogen-free g a s  make and hydrogen consufhption. 
Kentucky and I l l i n o i s  SRC samples which had been c a t a l y t i c a l l y  hydrogenated pr ior  
t o  use i n  the  present study did n o t  undergo the  same types of react ions.  Hydrogen- 
f r e e  gas make and hydrogen consumption were higher and C4-427"C d i s t i l l a t e  y i e l d  
was lower i n  runs using hydrogenated SRC samples, 

INTRODUCTION 

The primary reaction s tep  in d i r e c t  coal l iquefact ion i s  general ly  believed t o  
involve thermal rupture of various l a b i l e  bonds w i t h i n  t h e  coal s t ruc ture  (1, 2 ,  
3 ) .  If the react ive f r e e  radical coal fragments formed can be quickly capped w i t h  
avai lable  hydrogen from a hydrogen-donor solvent or  from portions of the coal 
i t s e l f  (au tos tab i l iza t ion) ,  a complex mixture of s t a b i l i z e d  products i s  obtained. 
For convenience, these mixtures have been operat ional ly  c l a s s i f i e d  according t o  a 
s e r i e s  of solvent so lubi l i ty  t e s t s  summarized in  Table I ( 4 ) .  Unfortunately, such 
a c lass i f ica t ion  system does not produce f rac t ions  with simple chemical i d e n t i t i e s .  

Preasphaltenes cons t i tu te  the predominate primary l iquefact ion product with asphal- 
t enes ,  o i l s  ( d i s t i l l a b l e  a n d  nondis t i l l ab le ) ,  a n d  gases formed in lesser  amounts. 
Secondary react ions involving conversion o f  preasphaltenes and asphaltenes t o  
produce additional quant i t ies  of o i l  and gas form an important par t  of coal conver- 
sion t o  d i s t i l l a b l e  l iqu ids .  Furthermore, the use of residuum recycle has been 
shown t o  have a s ign i f icant  influence on l iquefact ion process performance. S i lver  
reported t h a t  u p  t o  50 w t %  of the to ta l  d i s t i l l a t e  obtained in  two-stage liquefac- 
t i o n  of Wyodak coal could be a t t r ibu ted  t o  conversion of mildly hydrogenated 
residuum ( 5 ) .  The need f o r  a b e t t e r  understanding of residuum conversion t o  
l i g h t e r  products i s  necessary t o  fur ther  improve e x i s t i n g  l iquefact ion processes. 

The  objective of the research described in  this  paper was t o  invest igate  the 
thermal conversion of coal-derived residuum i n  the  absence of coal and c a t a l y s t  a t  
representat ive coal l iquefact ion conditions. Par t icu lar  emphasis was placed on 
residuum behavior a t  short  contact  time react ion condi t ions s imi la r  t o  those 
employed i n  the  Lummus ITSL process (6) .  

EXPERIMENTAL PROCEDURE 

Solvent refined coal (SRC) produced from Kentucky 9/14 coal was used as feed 
residuum in the i n i t i a l  thermal reac t iv i ty  experiments. This mater ia l ,  designated 
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F-51, bo i l s  above 427OC and was produced in the  Pi t tsburg and Midway SRC-I p i lot  
plant near Tacoma, Washington. To reduce SRC v iscos i ty ,  blends of approximately 50 
w t %  F-51 a n d  50 w t %  Kentucky 9/14 coal-derived d i s t i l l a t e ,  designated F-7,  were 
used as reactor  feed. The F-7 d i s t i l l a t e  i s  a nominal 260-427°C boiling range 
f rac t ion  which was a l so  produced a t  the Tacoma SRC-I p i l o t  plant .  Table 11 gives a 
br ief  descr ipt ion of F-51/F-7 propert ies .  

Three other  SRC-distillate mixtures were used in addi t ional  reac t iv i ty  s tudies .  
Properties of these mixtures a re  a l s o  included in Table 11. Sample F-102A was 
prepared by mildly hydrogenating a portion of F-51/F-7 a t  370°C and 13.9 MPa 
i n i t i a l  cold hydrogen pressure f o r  one hour over thermactivated Nalcomo 477 cobalt- 
molybdate ca ta lys t  i n  a batch reactor .  Samples F-128 and F-129 are I l l i n o i s  6 
coal-derived hydrotreated recycle  residuum from Wilsonville, Alabama p i l o t  plant 
runs 242 and 243, respect ively.  Run 242 was operated using a short  contact time 
thermal reactor  while r u n  243 u t i l i z e d  a long residence time dissolver .  Both of 
these samples were obtained from essent ia l ly  s teady-state  operations and represent 
residuum which had been recycled t h r o u g h  the process many times. The C - 4 2 7 O C  
d i s t i l l a t e  content of b o t h  F-128 and F-129 was only about 30 w t % .  Several r2activ- 
i t y  runs were performed using F-128 or F-129 di luted w i t h  add-it-ionai I l l i ' n ~ s  6 
coal-derived d i s t i l l a t e  t o  obtain feed mixtures containing about 50 w t %  d i s t i l l a t e .  
Results from these runs indicated t h a t  within experimental e r r o r ,  there was no - ef fec t  on  y ie lds  from the SRC when the feed d i s t i l l a t e  content was varied between 
30 w t %  and 50 w t % .  T h u s ,  y i e l d  data from the four  SRC-distillate mixtures l i s t e d  
i n  Table I1  can be d i r e c t l y  compared. 

The thermal reac t iv i ty  experiments were car r ied  out  in a 60 ml s t i r r e d  microauto- 
clave reactor  system designed and constructed a t  the University of Wyoming. The 
reactor i s  s imi la r  t o  l a r g e r  Autoclave batch reactors  except t h a t  heating i s  accom- 
plished with a high temperature sandbath. A t  the  end of each r u n ,  the  reactor  and 
i t s  contents a re  quenched w i t h  an icewater bath. This reactor  system can provide 
the benefits of small t u b i n g  bomb reactors (quick heatup ( - 2  min.) and cool down 
(-30 sec . ) )  while a t  the same time insuring s u f f i c i e n t  mechanical ag i ta t ion  of the 
reactants with a n  Autoclave Magnedrive I 1  s t i r r i n g  assembly t o  minimize hydrogen 
mass t ransfer  e f fec ts .  Furthermore, the system i s  designed so t h a t  the reactor 
pressure i s  very nearly constant throughout an experiment. 

The reactor runs were completed a t  454°C and 6.9 MPa i n i t i a l  cold hydrogen pressure 
f o r  reaction times in  the range o f  5 - 15 minutes. To simulate the s lug flow 
behavior of commercial small diameter SCT reactors  in which s igni f icant  gas phase 
hydrogen mass t ransfer  e f f e c t s  e x i s t ,  the Magnedrive s t i r r e r  was turned off during 
these runs. These conditions a r e  believed t o  simulate SCT operations reasonably 
closely. 

Portions of the l iqu id  products from each r u n  were d i s t i l l e d  t o  a 427'C endpoint 
using a microdis t i l l a t ion  apparatus. Additional portions of the l iqu id  product 
were sequentially extracted in  a Soxhlet ex t rac tor  using cyclohexane, toluene, and  
pyridine. Product gases were analyzed on an HP 5840A gas chromatograph. 

RESULTS A N D  DISCUSSION 

Using the experimental methods described, the  product composition from each reactor  
run  was measured. This data i s  summarized in Figures 1-4 in which weight f rac t ion  
compositional changes as a function of reaction time a r e  shown f o r  each SRC-distil- 
l a t e  sample. The weight f rac t ion  o f  hydrogen-free gas produced was always l e s s  
than about 0.01 and i s  not shown on these f igures .  Results shown f o r  F-51/F-7 are  
average values from dupl icate  runs, while data  f o r  the  other  three SRC-distillate 
samples were obtained i n  s ing le  runs. Based on previous experience with the 
reactor  system and product ana lys i s  methods used, the weight f rac t ion  data present- 
ed has an experimental e r r o r  o f  approximately t10 r e l a t i v e  percent. 

I ,  
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Several interest ing observations can be made from these r e s u l t s .  F i r s t ,  a detai led 
examination of the material balance d a t a  ind ica tes  t h a t  the  asphaltene f rac t ion  of 
F-51/F-7 formed both d i s t i l l a t e  and preasphal tenes par t icu lar ly  a t  reaction times 
greater  t h a n  a b o u t  5 minutes. Several authors have previously noted t h i s  type of 
disproportionation behavior ( 7 ,  In some cases these resu l t s  have been 
interpreted a s  evidence of react$& "reversibil i t y "  . However, as  will be noted 
short ly ,  such revers ib i l i ty  does n o t  rea l ly  e x i s t  here, s ince the preasphaltenes 
formed by asphaltene disproportionation d i f f e r  from the coal-derived preasphaltenes 
found in F-51/F-7. Figure 1 a l so  shows a decl ine in  the nondis t i l l ab le  o i l  content 
most l ike ly  caused by thermal cracking of o i l s  t o  form addi t ional  d i s t i l l a t e  and 
gas. No s igni f icant  amount of pyridine insoluble  organic matter (IOM) was formed 
during the F-51/F-7 runs. 

I n  contrast ,  resu l t s  shown in Figures 2-4 f o r  the hydrogenated SRC-distillate 
samples indicate somewhat d i f fe ren t  behavior. In each case,  the asphal tene frac-  
t ion apparently shows no propensity toward disproport ionat ion.  Rather, material 
balance data suggests t h a t  preasphaltenes and asphaltenes were slowly converted t o  
nondis t i l lable  o i l s ,  and eventually cracked t o  d i s t i l l a t e  a n d  gas in a s e r i e s  type 
mechanism. After about ten minutes reaction time, the conversion of nondis t i l lable  
o i l s  t o  d i s t i l l a t e  and gas was the only s igni f icant  reaction taking place in the 
F-128 and F-129 samples. Once again, very l i t t l e  IOM was produced in any of the 
runs, This i s  n o t  surpr is ing s ince other  researchers have noted the refractory 
nature of hydrogenated asphaltenes toward thermal o r  c a t a l y t i c  conversion t o  lower 
boiling products (10, 11). 

The overall e f fec t  of differences in asphaltene a n d  preasphaltene thermal react iv-  
i t y  between the unhydrogenated a n d  hydrogenated SRC-dis t i l la te  samples i s  summar- 
ized in Figure 5. I n  t h i s  p lo t ,  hydrogen u t i l i z a t i o n  eff ic ienc;  ..defined as the 
mass of C -427°C d i s t i l l a t e  produced per u n i t  mass of hydrogen consumed i s  plotted 
as  a func?ion of react ion time f o r  each of the  four  SRC-dis t i l la te  samples. The 
unhydrogenated F-51/F-7 sample obviously produces a s ign i f icant  amount of d i s t i l -  
l a t e  with minimal hydrogen consumption when compared with y ie ld  data from the 
hydrogenated samples. Furthermore, Figure 6 shows t h a t  the hydrogen-free gas make 
was found t o  be 2 t o  6 times l e s s  in the F-51/F-7 runs. I t  appears t h a t  asphaltene 
disproportionation i s  a more e f f i c i e n t  method of d i s t i l l a t e  production t h a n  thermal 
cracking of nondis t i l l ab le  o i l s .  However, i t  i s  apparent t h a t  even mild ca ta ly t ic  
hydrotreatment of the  SRC r e s u l t s  in d r a s t i c a l l y  reduced hydrogen ut i1  izat ion 
eff ic iency.  

In a n  attempt t o  fur ther  study differences between the  react ion pathways of unhy- 
drogenated and hydrogenated asphal tenes and preasphal tenes ,  the preasphaltene 
f rac t ions  from the F-51/F-7 and F-102A thermal reac t iv i ty  experiments were subdivi- 
ded in to  chloroform soluble-toluene insoluble  a n d  pyridine soluble-chloroform 
insoluble subfract ions,  designated preasphal tene-1 and preasphal tene-2, respectiv- 
e ly .  Boduszynski has reported t h a t  preasphaltene-1 samples generally resemble 
asphaltenes in the number of function groups and degree of aromaticity (12) .  
Preasphaltene-2 samples a r e  more highly functional and a r e  believed t o  f a i r l y  well 
represent coal-derived preasphaltene mater ia l .  As shown in Figure 7 ,  the increase 
in to ta l  preasphaltene content f o r  the F-51/F-7 runs was due t o  an increase in 
preasphaltenes-1. A t  l e a s t  a portion of the  preasphaltenes-1 was obtained as a 
disproportionation product from the asphaltenes. The f a c t  t h a t  the to ta l  preas- 
phaltene content did n o t  remain constant o r  decrease precludes the reaction se- 
quence: preasphal tenes-2 t o  preasphaltenes-1 t o  asphal tenes as the only pathway 
involving these f rac t ions .  I n  cont ras t ,  as  shown in Figure 8 ,  the decrease in 
F-102A preasphaltenes occurred because of preasphaltenes-2 consumption. No signi-  
f ican t  buildup of preasphaltenes-1 was noted. Once again, t h i s  suggest tha t  F-102A 
asphaltenes did n o t  undergo disproportionation. 
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The exact mechanism responsible  f o r  the apparent change i n  asphaltene r eac t iv i ty  i s  
not yet known. Painter  (13) and Whitehurst (14) have indicated t h a t  retrogressive 
reactions of SRC f rac t ions  t o  ul t imately form char involve the  condensation of 
alkyl and phenolic functional groups r a the r  than d i r e c t  aromatic r ing fusing. I t  
i s  qui te  possible t h a t  the same functional groups a re  involved during asphaltene 
disproportionation. Ca ta ly t i c  hydrotreatment of the SRC would r e s u l t  i n  fewer 
avai lable  functional groups w i t h  which the disproport ionat ion could occur. Efforts 
a r e  current ly  underway t o  t es t  t h i s  hypothesis by observing de ta i l ed  s t ructural  
changes of the F-51/F-7 and F-102A preasphaltene and asphaltene f r ac t ions  during 
thermal hydrogenation. 

CONCLUSIONS 

The thermal r e a c t i v i t y  behavior of one unhydrogenated and three hydrogenated 
SRC-distillate samples has been studied a t  simulated short  contact time ( S C T )  
reaction conditions. Unhydrogenated coal-derived asphaltenes were found t o  dispro- 
portionate i n t o  primarily C -427°C d i s t i l l a t e  and preasphaltene-1 material resul t -  
ing in  high hydrogen u t i f i z a t i o n  e f f ic iency  and low hydrogen-free gas -make. 
Asphaltenes from the hydrogenated SRC-dis t i l la te  samples did not disproportionate. 
As a r e s u l t ,  hydrogen u t i l i z a t i o n  eff ic iency was s ign i f i can t ly  lower and hydrogen- 
f r e e  gas make was higher i n  runs using the  hydrogenated samples. 
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Table I 

C l a s s i f i c a t i o n  o f  Coal L i q u e f a c t i o n  Products 

F r a c t i o n  D e f i n i t i o n  
/ I  

I nso lub le  Organic Ma t te r  P y r i d i n e  o r  THF i n s o l u b l e  

Preasphal tenes 

Asphal tenes 

P y r i d i n e  o r  THF so lub le ;  
benzene o r  to luene i n s o l u b l e  

Benzene o r  to luene so lub le ;  
pentane, hexane, o r  cyclohexane 
i n s o l u b l e  I 

Pentane, hexane, o r  
cyclohexane so lub le  

I 

Table I 1  

SRC - D i s t i T l l a t e  Feed M ix tu re  P roper t i es  

SAMPLE F-51/F-7 F-102A F-128 F-129 

SOURCE COAL KY 9/14 KY 9/14 ILLINOIS 6 ILLINOIS 6 

WT.% BOILING ABOVE 427°C 58.0 54.8 68.5 69.2 I 

HYDROGENATION LEVEL NONE MILO SEVERE SEVERE / 

ULTIMATE ANALYSIS 
(WT% DRY BASIS) 

CARBON 86.4 86.9 89.1 89.3 
HY OROGEN 7.1 8.0 8.9 8.9 
NITROGEN 1.9 1.5 0.4 0.6 
SULFUR 0.8 0.6 0.1 0.1 
OXYGEN (DIFFERENCE) 3.7 2.9 1.1 0.9 
ASH 0.1 0.1 0.4 0.2 
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ANALYSIS O F  RESINS IN HIGH-ASH COAL-DERIVED PRODUCTS 

F. M.  Lancas, H .  S .  Karam and H .  M .  McNair 
Department o f  Chemistry 

Blacksburg, V A  24061 
Virg in ia  Polytechnic I n s t i t u t e  and S t a t e  Univers i ty  

INTRODUCTION 

The pas t  few yea r s  have witnessed ex tens ive  e f f o r t s  t o  c h a r a c t e r i z e  
coa l -der ived  l i q u i d s .  One wide ly  used method t o  c h a r a c t e r i z e  these l i q u i d s  
i s  the SARA f r a c t i o n a t i o n  method by which t h e  f o s s i l  fue l  i s  f r a c t i o n a t e d  
i n t o  s a t u r a t e s ,  a romat i c s ,  r e s i n s  and a spha l t enes .  One o f  these f r a c t i o n s ,  
r e s i n s ,  i s  believed t o  play an important r o l e  i n  t h e  conversion process of 
coal i n t o  1 iqv id  products .  Liquid chromatography and so l  ubi1 i t y  t es t s  a r e  

-two d i f f e ren t  approaches t o  the SARA f r a c t i o n a t i o n .  Following p r e c i p i t a t i o n  
of  asphal tenes  in  non-polar hydrocarbons (such a s  n-pentane) ,  t h e  deasphal t -  
ened s o l u t i o n  can be chromatographed on s i l i c a  or alumina t o  ob ta in  the  r e s i n s .  
The deasphaltened s o l u t i o n  can a l s o  be appl ied  t o  a c l ay  column and e lu t ed  
with pentane t o  sepa ra t e  r e s i n s  from o i l s ,  o r  i t  can be t r e a t e d  with propane 
gas t o  p r e c i p i t a t e  the r e s i n s .  

g rav ime t r i ca l ly  and by r eve r se  phase high performance 1 iqu id  chromatography. 
These methods a r e :  1 )  t h e  P h i l l i p s  Petroleum procedure; 2 )  our  a l t e r n a t i v e  
SARA procedure; 3 )  f r a c t i o n a t i o n  by s o l u b i l i t y ;  4 )  f r a c t i o n a t i o n  by c l a y ;  
and 5 )  our  new p repa ra t ive  s c a l e  L C  method. 

Experimental 

a )  

The f i v e  methods inves t iga t ed  a r e  conducted on t h e  same c o a l ,  a high ash 
Braz i l ian  "Mina Do Leao" c o a l ,  under t h e  same cond i t ions  of sample p repa ra t ion ,  
e x t r a c t i o n ,  and so lven t  evapora t ion .  Such experimental condi t ions  a r e  
described in d e t a i l  i n  our previous work ( 1 ) .  

The P h i l l i p s  Petroleum Procedure: Method 1 

Ten gm c o a l ,  60 mesh, a r e  e x t r a c t e d  with 100 ml hexane and t h e  in so lub le s  
( a spha l t enes )  a r e  f i l t e r e d  through a Whatman No. 1 c e l l u l o s e  f i l t e r  paper.  A 
po r t ion  of  t h e  hexane e x t r a c t  i s  app l i ed  t o  the t o p  o f  a g l a s s  column (500 x 
11 m m )  dry packed with 20 gm alumina, a c t i v i t y  I ,  80-200 mesh (F i she r  S c i e n t i c ,  
P i t t s b u r g ,  P A ) .  Sa tu ra t e s  a r e  e l u t e d  wi th  50 ml o f  hexane; a romat ics  with 75 ml I 

of  touene; and r e s i n s  with 50 ml of methanol ( 1 , 2 ) .  

I n  t h i s  paper,  r e s i n s  obta ined  by f i v e  d i f f e r e n t  methods a r e  compared 

Prepara t ion  o f  r e s i n s  by t h e  d i f f e r e n t  methods 

I 
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The A l t e r n a t i v e  SARA Method: Method 2 

T h i s  i s  an improved method deve loped  i n  o u r  l a b o r a t o r y  a t  V P I  ( 1 ) .  
Coal i s  e x t r a c t e d  w i t h  t e t r a h y d r o f u r a n  (THF) and t h e  u n r e a c t e d  c o a l  i s  
removed by f i l t r a t i o n .  The c o a l  d e r i v e d  p r o d u c t ,  a f t e r  removal  o f  t h e  
s o l v e n t ,  i s  d i s s o l v e d  i n  1 m l  THF; t h e n  i t  i s  a p p l i e d  t o  t h e  t o p  o f  a 
g l a s s  column (500 x 11 mm) s l u r r y  packed w i t h  20 gm o f  s i l i c a  g e l  60 - 200 
mesh ( F i s h e r  S c i e n t i f i c ,  P i t t s b u r g ,  P A ) .  S a t u r a t e s  a r e  e l u t e d  w i t h  50 m l  
o f  hexane; a r o m a t i c s  w i t h  75 m l  o f  t o l u e n e ;  r e s i n s  w i t h  50 m l  o f  methanol ;  
and aspha l tenes  w i th  50 m l  o f  THF. 

F r a c t i o n a t i o n  b y  S o l u b i l i t y :  Method 3 

F o l l o w i n g  e x t r a c t i o n  o f  t h e  c o a l  w i t h  t e t r a h y d r o f u r a n  (THF) and removal  
o f  t h e  s o l v e n t ;  t h e  c o a l - d e r i v e d  p r o d u c t  i s  d i s s o l v e d  i n  2 m l  o f  THF t h e n  
t r e a t e d  w i t h  80 m l  o f  n-pentane t o  p r e c i p i t a t e  t h e  a s p h a l t e n e s  ( 3 ) .  
volume o f  t h e  deaspha l tened  s o l u t i o n  ( m a l t e n e s )  i s  reduced  t o  30 m l  b y  
e v a p o r a t i o n ,  t h e n  p l a c e d  i n  an i c e - w a t e r  b a t h  and an excess o f  propane gas 
(99% c h e m i c a l l y  p u r e )  i s  added w i t h  c o n s t a n t  s t i r r i n g ,  t h u s  p r e c i p i t a t i n g  
t h e  r e s i n s  ( 3 ) .  The s o l u t i o n  i s  t h e n  f i l t e r e d  t h r o u g h  a Whatman No. 1 
c e l l u l o s e  f i l t e r ,  and t h e  p r e c i p i t a t e  washed w i t h  p r o p a n e - s a t u r a t e d  pentane,  
d r i e d ,  t h e n  weighed. 

The 

F r a c t i o n a t i o n  by A t t a p u l g u s  ( f l o r s i l )  column: Method 4 

The deaspha l tened  s o l u t i o n ,  as o b t a i n e d  i n  method 3 ,  i s  s t r i p p e d  o f f  
s o l v e n t  t h e n  d i s s o l v e d  i n  1 m l  o f  a 1 : l  m i x t u r e  ace tone :me thy lene  c h l o r i d e .  
T h i s  s o l u t i o n  o f  ma l tenes  i s  a p p l i e d  t o  t h e  t o p  o f  a g l a s s  column (500 x 11 mrn) 
s l u r r y  packed w i t h  12 gm f l o r i s i l ,  60-100 mesh (Supelco,  B e l l e f o n t e ,  PA). 
S e v e n t y - f i v e  m l  n-pentane a r e  passed t o  e l u t e  " t h e  o i l s " ,  w h i l e  50 m l  o f  1 :1 
acetone:methy lene c h l o r i d e  a r e  passed a f t e r w a r d s  t o  e l u t e  t h e  r e t a i n e d  " r e s i n s "  
i n  accordance w i t h  t h e  l i t e r a t u r e  ( 4 ) .  

New P r e p a r a t i v e  Sca le  LC F r a c t i o n a t i o n :  Method 5 

F o l l o w i n g  e x t r a c t i o n  and s o l v e n t  e v a p o r a t i o n ,  t h e  THF c o a l  d e r i v e d  
p r o d u c t  i s  d i s s o l v e d  i n  1 m l  THF, t h e n  a p p l i e d  t o  t h e  t o p  o f  a g l a s s  co lumn 
(500 x 11 mm), s l u r r y  packed w i t h  20 gm s i l i c a  g e l ,  40-60 mesh S i - 6 0  (EM 
Science,  Gibbstown, NJ). E i g h t  f r a c t i o n s  a r e  c o l l e c t e d  f r o m  t h e  p r e p a r a t i v e  
s c a l e  column i n  t h e  f o l l o w i n g  o r d e r :  s a t u r a t e s ,  monoaromat ics,  d i a r o m a t i c s ,  
t r i a r o m a t i c s ,  p o l y n u c l e a r  a r o m a t i c s ,  r e s i n s ,  aspha l tenes  and and a s p h a l t o l s .  
Tab le  1 shows t h e  e l u e n t s  u t i l i z e d  t o  g i v e  t h e  b e s t  s e p a r a t i o n  among t h e  
group t y p e s ;  t h e  volumes used; and t h e  f r a c t i o n s  e l u t e d .  More d e t a i l s  a b o u t  
t h i s  method can  be found i n  t h e  l i t e r a t u r e  ( 5 ) .  F i g u r e s  1 and 2 show t h e  
chromatograms o b t a i n e d  f o r  t h e  n o n - p o l a r  and p o l a r  f r a c t i o n s .  
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T A B L E  1 

Eluents and Frac t ions  Col lec ted  in the  P repa ra t ive  
Sca le  F rac t iona t ion  Method: Method 5 

Fraction Eluted 
1 .  Sa tu ra t e s  
2 .  Monoaromatics 
3. Diaromatics 
4. Tr ia romat ics  
5.  Polynuclear aromatics 
6.  Resins 
7 .  Asphal tenes  
8.  Asphal to1  s 

Eluent Volume (ml) 

Hexane ( c6 )  40 

Hexane ( c6 )  27 
11 .5% benzene in  C6 36 
32.0% benzene i n  c6 24 

32.0% benzene in  c6 25 

Benzene/(CH3)2CO/MeC12( 3 /4 /3)  65 

(CH3 )2CO/THF(2/8)  60- - -  

Pyr id ine  65 

b )  H i g h  Performance Liquid Chromatographic Separa t ion  I 

The a n a l y t i c a l  instrument used was a Varian Model 5020 High Performance 
Liquid Chromatograph. 
a t  254 nm. The peaks were recorded on a Varian Model 9176 recorder .  A high 
pressure  s i x p o r t  Valco va lve  model N-60 was u t i l i z e d  with a sample loop of 
10 111. The column used was 150 x 4 mm Micropak 5 ~ ,  RP-18. Mobile phase was 
a 70/30 a c e t o n i t r i l e / w a t e r  a t  a flow r a t e  o f  1 ml/min. 
a f t e r  removal of the s o l v e n t ,  was d isso lved  in THF t o  a concen t r a t ion  o f  
10 m g / m l .  The s o l u t i o n s  were then  double f i l t e r e d  through 5 .0  

a c e t o n i t r i l e  

Detec t ion  was made using a Varian Varichrom Detec tor  

Each r e s i n s  f r a c t i o n ,  
I ,  

Mil l ipo re  
f i l t e r s  ( t ype  LS) and f i n a l l y  d i l u t e d  t o  a concent ra t ion  o f  0 .4  mg/ml with I 

pr io r  t o  i n j e c t i o n  on t h e  H P L C  system. 

Results and Discussion 

a )  Gravimetric a n a l y s i s  of r e s i n s  

Table 2 d i sp l ays  a comparison o f  t h e  r e l a t i v e  d i s t r i b u t i o n  o f  r e s i n s  
among t h e  f i v e  methods i n v e s t i g a t e d  a s  appl ied  t o  t h e  Braz i l i an  c o a l .  I 

f 

1 7 2  



TABLE 2 

1 

\ 

Rela t ive  Di s t r ibu t ion  of Resins i n  t h e  Braz i l i an  
Coal Extract Using Dif fe ren t  Separation Methods 

Method 
1 .  P h i l l i p s  

% 5.- (RSD) W t .  % Resins" CJ- 

29.4 10  35 
--- - _ _  2 .  A l t e rna t ive  SARA 51 .8  

3. Frac t iona t ion  by s o l u b i l i t y  15.1 0.44 2.9 
4 .  Frac t iona t ion  by Clay 10 .5  0.15 1 .4  

5 .  L C  Prepara t ive  Sca le  57.8 0.33 0.57 

*Results from 4 r e p e t i t i v e  runs 

Table 2 shows t h a t  method 5 i s  by f a r  t h e  most reproducib le  system 
inves t iga t ed .  In both methods 2 and 5 ,  r e s i n s  a r e  the  major f r a c t i o n  in  t h e  
coal-derived product.  I t  i s  important t o  note t h a t  i n  methods 2 a n d  5 t h e  
whole THF coal e x t r a c t  was appl ied  t o  the chromatographic column without any 
previous p r e c i p i t a t i o n  o f  asphal tenes  (methods 1 ,  3 ,  4 )  o r  r e s i n s  (method 3 ) .  
The new prepara t ive  s c a l e  L C  method i s  more complete than  method 2 ,  y i e l d i n g  
e i g h t  d i s c r e t e  and pure chemical c l a s ses  as  has  been evidenced by H P L C  ( s e e  
f igu res  1 and 2 ) .  
loaded sample ( 6 ) .  The f r a c t i o n a t i o n  of t he  whole coal e x t r a c t  by t h i s  method 
y i e l d s  purer f r a c t i o n s  than those  obtained by t h e  t r a d i t i o n a l  s o l u b i l i t y  
f r a c t i o n a t i o n ,  thus avoiding the  contamination by c o - p r e c i p i t a t i o n  commonly 
encountered in  t h i s  method ( 1 ) .  In a d i f f e r e n t  s e t  o f  experiments,  an 
asphal tenes  sample (benzene s o l u b l e ,  pentane i n s o l u b l e )  from t h e  s o l u b i l i t y  
f r a c t i o n a t i o n  method was s tudied  by the  new method and t h e  r e s u l t  showed t h a t  
what seemed t o  be asphal tenes  was in  f a c t  more than 70% r e s i n s  ( 7 ) .  

In  a d d i t i o n ,  i t  has a recovery o f  more than 94% o f  the  

High Performance L i q u i d  Chromatography Analysis 

The chromatogram in f igu re  3 i s  f o r  a s tandard  mixture  o f  polar  compounds 
found i n  coal-derived l i q u i d s .  A range o f  func t iona l  groups was chosen t o  
represent  many o f  the compound c l a s ses  which could be found i n  coa l .  S t ruc tu res  
o f  these  compounds a r e  shown in  f igu re  3.  
r e s i n s  produced by method 5 while f igu res  5 and 6 show chromatograms f o r  r e s i n s  
produced by methods 4 and 3. I t  i s  important t o  note  t h a t  a l l  r e s in  s o l u t i o n s  
were chromatographed under iden t i ca l  cond i t ions .  
column i s  very e f f i c i e n t .  Figures 4 ,  5 and 6 show t h a t  the r e s in  f r a c t i o n  
obtained from coal by severa l  s epa ra t ion  procedures i s  s t i l l  extremely complex 
and even b e t t e r  sample sepa ra t ion  schemes need t o  be developed. 
t i nu ing  e f f o r t s  along these  l i n e s .  

Figure 4 shows a chromatogram f o r  

Figure 3 shows t h a t  t h e  

We a r e  con- 
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Concl us i o n 

Bo th  g r a v i m e t r i c  and HPLC r e s u l t s  show t h a t  depending on t h e  f r a c t i o n a t i o n  
method o f  t h e  c o a l - d e r i v e d  p r o d u c t  one ge ts  d i f f e r e n t  d i s t r i b u t i o n s  o f  r e s i n s .  
Among t h e  d i f f e r e n t  methods s t u d i e d ,  t h e  new p r e p a r a t i v e  LC s c a l e  method seems 
t o  y i e l d  p u r e r  f r a c t i o n s ; i t  produces a h i g h e r  y i e l d  o f  sample (94%);  and i t  i s  
a complete method t h a t  f r a c t i o n a t e s  t h e  who le  c o a l  d e r i v e d  p r o d u c t  i n  a s i n g l e  
s t e p  w i t h o u t  t h e  i n c o n v e n i e n c e  o f  p r e c i p i t a t i n g  aspha l tenes  o r  r e s i n s .  
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Oxygen Absorption and Light Scat ter ing Studies Of the  Stability of Liquid Fuels 

by N.F.  Yaggi,' S.H. Lee, J .  G e  and N.C. Li 

'Duquesne University, Department of Chemistry, Pittsburgh, PA 15282 and 

'Department of Chemistry, Catholic University of America, Washington, D .C. 20064 

INTRODUCTION 

1, 2 1 1 

Extensive l i terature  (1, 2) have shown that  2.5-dimethYlPYrrOle (DMP) is Part- 
icularly deleterious to stability of liquid fuels, in  that  this  alkylated pyrrole promotes 
very drastically the formation of insoluble sediments and adherent  gums. 
promotes extensive light sca t te r ing  and oxygen absorption, so tha t  their  measurements 
are useful in monitoring the instability of liquid fuels. 
the r ing  nitrogen in  pyrrole, as in  N-methyl pyrrole (NMP), the ability to promote 
sediment formation, light scat ter ing and oxygen absorption becomes much less. 

' 
DMP also 

When the methyl group is on 

Smith and Jcnsen ( 3 )  have given data  on consumption of oxygen by pure pyrroles 
and have shown that  a t  323K, t h e  oxygen uptake by DMP is  much higher and faster 
than NMP. The purpose of th i s  research is to determine whether resul ts  of oxygen 
absorption, light scat ter ing and deposit formation can be correlated in s tudying the 
instability of liquid fuels. 
distillates and the upgraded liquids prepared by Chevron Research Co. (4 ) ,  as  well 
as petroleum-derived JP-5 fuels. 
have been found and a r e  reported i n  this paper also. 

EXPERIMENTAL 

The liquid fuels used are  SRC-I1 and H-coal middle 

Synergistic effects between DMP and thiophenol 

The apparatus used for determination of oxygen absorption is shown in Figure 1. 
I t  is a semi-closed atmospheric pressure  unit in which a s ta t ic  atmosphere of oxygen 
over a n  aqueous manometric fluid (Krebs '  manometer fluid ( 5 ) )  is allowed to come in 
contact with a vigorously s t i r red  sample for ageing. The loss of volatile material 
during ageing i s  minimized by t h e  use of an efficient water condenser and a cold 
t r a p  connected in  tandem. In a typical experiment the  side-arm flask containing 
a weighed sample is attached to  the  bottom of the water condenser. With all the  
stopcocks open and the reservoir  R filled with Krebs' manometer fluid, oxygen gas 
is  passed through the en t i re  system for several seconds. Then the  side-arm stopcock 
is closed and the  reservoir i s  filled with oxygen to  a point between the 425 and 450 
ml marks. The oxygen inlet stopcock A is then closed and the leveling bulb B is 
adjusted SO as t o  maintain the  same liquid levels in  R and B .  One or more initial 
readings of atmospheric pressure,  ambient temperature and gas volume in  R are  
made. Additional readings a re  made, usually 3-5 times a day, for several days, 
until the  liquid level in R neared t h e  "0 mI" mark or  the oxygen uptake appeared 
t o  stop. 

by Berry ( 6 )  modified b y  introduction of a laser light source (Spectra-Physics 
Model 155 0 . 5  mW He-Ne laser, 632.8 nm). Light scat ter ing cells of the design by 
Dandliker and Kraut (7)  were used.  
cones, i n  order  to  reduce the  s t r a y  light pickup by the detector. The additives 
w e r e  weighed in  volumetric flasks and then filled to the mark with liquid fuel ;  the  
time of mixing was taken as zero t i m e .  The liquid was then introduced into a light- 
scat ter ing cell; the cell was mounted on a cell holder, which in t u r n  was mounted 
in  a cell compartment. Care was taken t o  insure proper alignment of the  cell with 
the  very narrow light beam and the  detector. The instrument w a s  calibrated 
periodically by replacing the cell with a turbid s tandard glass block. The experiments 
were conducted at 298% 2 K .  

! 

Laser light scat ter ing measurements were carried out with a photometer described 

The Pyrex cells w e r e  i n  the  form of truncated 



SRC-11 process products  were made from Pittsburgh Seam Coal a t  Pi t tsburg 
and Midway Coal Co. These products  were blended in the ratio recommended b y  
the Department of Energy Technical officer to represent  a typical net 

roduct f r p m  the SRC-11 process. The blend is referred to as SRC-11 syncrude* 
$=coal process-products derived from Illinois no. 6 coal were blended in  the ratio 
recommended b y  Hydrocarbon Research Inc.  to represent  a net whole liquid product  
from the H-coal process. This blend is referred to as H-coal syncrude.  
syncrudes (or middle distillates) were hydrotreated using Chevron's ICR catalyst 
(containing nickel, tungsten,  silica and alumina) at 672 K and approxtmately 15.6 
MPa H partial pressure.  The  properties of the  syncrudes and their  upgraded 
UquidJare listed in  Table 1 of ref, (4 ) .  Petroleum-derived JP-5, no. 80-8 and 
no. 80-12, were obtained from the Naval Research Laboratory. 

RESULTS A N D  DISCUSSION 

liquid 

The 

Figure 2 shows oxygen uptake curves  obtained at  323 K for a middle distillate, 
an upgraded coal liquid, and petroleum JP-5. The coal-derived middle distillate 
shows much higher oxygen uptake than the upgraded liquid, which in  t u r n  is only 
slightly greater than the petroleum jet fuel. This means that  Chevron Research 
Inc. have upgraded the  coal liquid to about the  same stability characteristics (as 
shown by the extent  of oxygen uptake) as the petroleum jet fuel. Other  chara-  
cteristics of the upgraded coal liquids have been discussed in ref .  (4) .  

Figure 3 shows oxygen uptake of SRC-I1 syncrude a t  348 K i n  the absence and 
presence.- of 0.1 g copper shavings per  5 g of fuel. Several investigators (8-10 
have discussed copper catalysis of the  ageing of SRC-I1 middle distillate by a prienol 
oxidative coupling mechanism, and Figure 3 shows that  the copper catalysis i s  also 
manifested by increase in oxygen uptake, 

IR spectra  of dilute solutions of SRC-I1 middle distillate (from Illinois no. 6 
coal), before and af ter  ageing for 5 days at  335 K ,  have been published by 
Jones and L i  ( 9 ) .  The una ed coal liquid exhibits a prominent f ree  hydroxyl 
stretching band at  3600 cm4.  The intensity of this band is not significantly 
affected by ageing with copper or oxygen alone: but  with both the intensity 
of this band is reduced. This indicates that  the hydroxyl group is modified 
during ageing, and tha t  t h e  presence of copper is necessary. The  unaged coal 
liquid is completely wluble-  in  pentane. However, af ter  ageing for 5 days  with 
Cu + 0 at 335 K, 30% or the aged coal liquid became insoluble i n  pentane.  The  
insolub?e fraction contained 3.5% copper in oddat ion state I1 (IO). The fact that  
copper (11) is present  signifies tha t  i t  acts as a reactant in addition to i t s  role 
a s  a catalyst. 

by H-coal middle distillate, as shown i n  Figure 4. In  the  absence of PcFe, a long 
induction period of 160 hrs .  exis ts .  In the presence of 0.025 g PcFe i n  5 g of the  
middle distillate, the induction period disappears, and a significant oxygen uptake 
occurs. This constitutes an example of the use of PcFe as a catalyst in  the oddat ion 
of Coal uquids. Kropf (11) has previously proposed that ,  in  the  oxidation of cumeme 
below 373 K, copper phthalocyanine activated a molecular oxygen through its 
coordinatton with the  metal ion to  form a phthalocyanine-02 complex, which then 
abstracted the te r t ia ry  hydrogen of cumeme to initiate the oxidation. Hara e t  al. (12) 
found that the addition of a small  amount of pyridine to  metal-Pc and cumene mixtures 
induced a drastic shortening of the induction period and a considerable increase i n  
oddat ion rate. In  our  experiment (Figure4 ) addition of pyridine is not necessary, 
since the H-coal middle distillate already contains many nitrogen-containing compounds. 

Iron (11) phthalocyanine (PcFe) also acts as a catalyst i n  the oxygen uptake 
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Figure 5 gives plots of moles O2 absorbed per  mole of N-methyl pyrrole (NMP) 
VS,  time at  th ree  temperatures. 
ageing and therefore resul ts  i n  greater  oxygen uptake. 
longer s torage t i m e  resul ts  in  more ageing and greater  oxygen uptake. 
and Hazlett (13) have shown tha t  for petroleum-derived diesel fuel marine, increase 
in s t ress  temperature resul ts  i n  a shorter  time necessary to  form equivalent weights 
of total insolubles. 
in  a shorter  time necessary to absorb equivalent amount of oxygen per  mole of NMP. 
A plot of log t vs. 1IT can be constructed,  where t is the time in hours  required a t  
any particular temperature of s t ress ing  to  absorb 0.01 mole 0 /mole NMP. 
is almost linear. Figure 5 also shows that  2,5-dimethylpyrro& (DMP) exhibits much 
higher oxygen uptake than does NMP. 
promotes very drastically the formation of insoluble gums and light scat ter ing in  
fuels, whereas the effect of NMP is very small. 
formation may be characterized a s  f ree  radical, autoxidative reactions. 
extent of radical formation i n  DMP may explain in  par t  the  greater  oxygen uptake 
by DMP than NMP and the  grea te r  ability to promote deposit formation and light 
scattering, by DMP than by NMP. 

Increase in  temperature means increase in accelerated 

Jones, Hardy, 
A t  a given temperature, 

The data  of ~ i ~ .  5 also show that  increase in temperature results 

The plot 

This is in  line with the fact (1, 2) that  DMP 

Reactions leading to  sediment 
The greater 

~~ 

Fi-gure 6shows plots of l ight  scat ter ing intensity a t  90° scat ter ing angle for 
-petroleum JP-5 containing 50 ppm ( N )  DMP and various additives. The presence 
of 0.2M thiophene,0.2 M 1,5-hexadiene, or 0.2M thiophenol alone in the  petroleum 
JP-5 results in no change in I . In the presence of DMP however, thiophenol 
gives the largest  light scatter?#g followed by hexadiene and then thiophene. The 
implication is tha t  these individual sulfur-containing compounds by themselves a re  
not deleterious t o  the stability of the liquid fuel. 
nitrogen-containing compound like DMP, the instability effect is  shown. 
the combined effect of nitrogen and sulfur-containing compounds must be considered. 
Figure 7 shows similar plots for upgraded H-coal. 
because the intensity a t  90° is too small to  differentiate between the different 
additives.The order  of instability is : 
) thio&ene. 

vs  . time. 

However, in  the  presence of 
Therefore, 

Here the  scat ter ing angle is 45O. 

thiophenol 1 1, 5-hexadiene ) 1-hexene, 

Figure 8 gives plot of Igo v s .  time for 2, 6-dimethylquinoline (DMQ) and additives 

In o u r  experiments, positive synergism involving DMP o r  DMQ is greatest 
for thiophengl, and the order  of o ther  sulfur  compounds and unsaturated compound, 
is the same, whether the ,.fu+l is  petroleum, upgraded H-coal o r  upgraded SRC-I1 
liquids. DMQ has less effect  on light scattering than DMP, and promotes much 
less deposit formation than  DMP. 

CONCLUSIONS 

Coal-derived middle distillates have higher oxygen uptake than upgraded coal 
liquids. which in t u r n  a re  only slightly higher than the  petroleum jet fuel. DMP 
promotes oxygen absorption, light scattering, and deposit formation, much more than 
NMP. These three techniques can be correlated in  s tudying the instability of liquid 
fuels. Synergistic effects between nitrogen and sulfur-containing compounds are  
apparent. 
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EVALUATION OF OLIGOMERIC MODELS OF COAL ASPHALTENES 
AND PREASPHALTENES AS GPC CALIBRATION STANDARDS 

P i c h a r d  J .  B a l t i s b e r g e r ,  S.E. Wagner, S.P. Rao, J.F. Schwan and M.B. Jones 

Department o f  Chemistry, U n i v e r s i t y  o f  N o r t h  Dakota, 
Grand Forks,  ND 58202 

INTRODUCTION 

One i m p o r t a n t  f a c e t  o f  t h e  c h a r a c t e r i z a t i o n  o f  coa l  and coal  der ived  
m a t e r i a l s  i s  t h a t  o f  m o l e c u l a r  we igh t  d e t e r m i n a t i o n .  The i n i t i a l  goal o f  t h i s  
study was t o  s y n t h e s i z e  a s e r i e s  o f  model o l igomers  t h a t  were i n  agreement 
w i t h  the  average s t r u c t u r a l  fo rmulas  o f  some s e l e r t e d  coa l  d e r i v e d  asphal tene 
and preasphal  tene samples as determined by p r o t o n  n u c l e a r  magnet ic resonance 
spectroscopy, e lementa l  analyses and v a r i o u s  oxygen d e r i v a t i z a t i o n  procedures. 
The second goa l  was t o  t e s t  these model compounds a long w i t h  some commercial ly 
a v a i l a b l e  p o l y s t y r e n e  s tandards  as c a l i b r a t i o n  s tandards  for  h i g h  pressure  gel 
permeat ion chromatographic procedures. The r e t e n t i o n  volumes o f  these model 
compounds were cornpal-eci w i t h  those volumes f o r  a group o f  coa l  der ived  
asphal tene and preaspha l tene samples which had been p r e v i o u s l y  i s o l a t e d  by 
p r e p a r a t i v e  g e l  permeat ion  chromatographic techn iques .  

The a p p l i c a t i o n  o f  GPC t o  the  c h a r a c t e r i z a t i o n  o f  coa l  d e r i v e d  m a t e r i a l s  
has been s t u d i e d  by a number o f  researchers  (1 -13) .  Coleman e t  a l .  (2 -3)  
demonstrated t h a t  t h r e e  column packings; s t y r e n e - d i v i n y l b e n z e n e  (Bio-Beads 
S-X4),  c ross-1  i n k e d  p o l y ( a c r y l o y l m o r p h o 1  i n e ) ,  and m o d i f i e d  a1 k y l a t e d  dex t ran  
(Sephadex LH-20) polymers; c o u l d  be used f o r  t h e  GPC s e p a r a t i o n  o f  THF and 
CHL13 s o l v e n t  r e f i n e d  coa l  (SRC) f r a c t i o n s .  Schwager e t  a l .  (1 )  i s o l a t e d  f o u r  

SRC asphal tene f r a c t i o n s  by  p r e p a r a t i v e  techn iques  u s i n g  Bio-Beads SX8.  A 
1 i n e a r  r e l a t i o n s h i p  between t h e  l o g a r i t h m  o f  number average m o l e c u l a r  we igh t  
and r e t e n t i o n  volume was observed u s i n g  an a n a l y t i c a l  p - s t y r a g e l  HPLC column. 
The a n a l y t i c a l  column was c a l i b r a t e d  w i t h  a s e r i e s  o f  a romat ic  hydrocarbons, a 
p o r p h y r i n  and propy lene g l y c o l s  of known m o l e c u l a r  we igh t .  C u r t i s  e t  a l .  (4 )  
s t u d i e d  t h e  c h a r d c t e r i s t i c s  o f  an SRC (Amax) u s i n g  GPC techniques. The 
s e p a r a t i o n  employed t h r e e  p - s t y r a g e l  columns u s i n g  THF as t h e  s o l v e n t  and was 
c a l i b r a t e d  w i t h  a s e r i e s  o f  p o l y e t h y l e n e  g l y c o l  and v a r i o u s  p o l y n u c l e a r  
aromat ic hydrocarbon standards.  Sephadex LH-20 has a l s o  been used t o  
f r a c t i o n a t e  t h e  hexane s o l u b l e  p o r t i o n  o f  t h e  p y r i d i n e  e x t r a c t  f rom a Sorachi  
coa l  (5). Khan ( 6 )  compared t h e  use o f  GPC and vapor p ressure  osmometry (VPO) 
t o  o b t a i n  m o l e c u l a r  w e i g h t  da ta  f o r  t he  hexane s o l u b l e  p o r t i o n  o f  t h r e e  H-coal 
l i q u i d s .  Two packings, p o l y v i n y l a c e t a t e  ( F r a c t o g e l  PVC 500) and s ty rene-  
d iv iny lbenzene copolymer (Toyo Soda, G2000H10) were used as a n a l y t i c a l  
columns. C a l i b r a t i o n  o f  t h e  columns was accompl ished by VPO measurement o f  
number average m o l e c u l a r  w e i g h t  i n  t o l u e n e  o f  p r e p a r a t i v e  s c a l e  f r a c t i o n s  
o b t a i n e d  f rom a F r a c t o g e l  column. 

A l l  o f  t h i s  work has demonstrated t h a t  t h e  q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  
GPC chromatograms r a i s e s  two problems. F i r s t ,  t h e  response o f  t he  d e t e c t o r  
must remain cons tan t  on a p e r  we igh t  b a s i s  over  the  m o l e c u l a r  range ( i . e . ,  
t y p e  and d i s t r i b u t i o n  of chromopores must be c o n s t a n t ) .  A constancy o f  uv 
absorbance p e r  gram f o r  a s e r i e s  o f  SRL m a t e r i a l s  has been r e p o r t e d  i n  work by 
Ruud ( 9 ) .  However, t h i s  p o i n t  needs t o  be i n v e s t i g a t e d  more thorough ly .  A 
second problem, wh ich  is  t h e  f o c u s  o f  t h i s  paper,  i s  t h e  e s t a b l i s h m e n t  of t h e  
response curve  w i t h  s u i t a b l e  c a l i b r a t i o n  standards.  



EXPERIMENTAL 

M a t e r i a l s  
Po lys ty rene s tandards  used t o  o b t a i n  t h e  r e f e r e n c e  GPC curve  were 

ob ta ined from Polysciences, Inc .  Other  s tandard  compounds were syn thes ized 
from s t a r t i n g  m a t e r i a l s  o b t a i n e d  f rom v a r i o u s  commercial sources (14) .  
S o l v e n t  r e f i n e d  l i g n i t e  (SRL) samples produced a t  460"C, 27.6 MPa (4000 p s i g )  
u s i n g  syn thes is  gas were o b t a i n e d  f rom t h e  Grand Forks  Energy Technology 
Center and s o l v e n t  f r a c t i o n a t e d  t o  o b t a i n  asphal t e n e  and preasphal  tene 
f r a c t i o n s  (15) .  The l i g n i t e  used was f rom a N o r t h  Dakota seam, Beulah th ree .  

P r e p a r a t i v e  Scale GPC 
The SRL asphal tenes and preasphal tenes were f u r t h e r  separated u s i n g  a 

50 mm i d  x 120 cm a l a s s  column Dacked w i t h  Bio-Beads S-X3 (200-400 mesh) 
s t y r e n e - d i v i n y l  b e n g n e .  P r i o r  t b  GPC s e p a r a t i o n  a l l  t h e  SRL samples were 
a c e t y l a t e d  i n  o r d e r  t o  c o n v e r t  t h e  hydroxy l  s i t e s  t o  t h e i r  a c e t a t e  forms. 
F r e s h l y  d i s t i l l e d  t o l u e n e  o r  p y r i d i n e  was used as t h e  s o l v e n t .  T y p i c a l  
a n a l y t i c a l  GPC chromatograms o f  an aspha l tene sample o b t a i n e d  f r o m  t h e  
p r e p a r a t i v e  column a r e  presented  i n  F i g u r e  1. Elemental  analyses o f  t h e  
f r a c t i o n s  werc performed by  Spang M i c r o a n a l y t i c a l  L a b o r a t o r y  and number 
average molecu la r  w e i g h t s  were determined i n  o u r  l a b o r a t o r y  u s i n g  a Wescan 
Model 117 Vapor Pressure Osmometer. I n  normal runs,  2-3 c o n c e n t r a t i o n s  over 
t h e  range 1 t o  50 g/kg o f  p y r i d i n e  were employed f o r  e x t r a p o l a t i o n  t o  i n f i n i t e  
d i  1 u t i o n .  

A n a l y t i c a l  Scale GPC 
A n a l y t i c a l  s c a l e  GPC analyses (HPLC) were c a r r i e d  o u t  u s i n g  t h r e e  10 nm 

and one 50 nm u - s t y r a g e l  columns i n  s e r i e s ,  w i t h  THF (UV grade, E u r d i c k  and 
Jackson) as t h e  m o b i l e  phase. A Labora tory  Data C o n t r o l  Model 1205 UV M o n i t o r  
was used as t h e  d e t e c t o r  (254 nm) and a Waters Model UK6 i n j e c t o r  was used t o  
i n j e c t  samples of about 10 ~1 a t  10 mg/rnl. Samples were f i l t e r e d  across a 
0.5 Urn m i l l i p o r e  f i l t e r  p r i o r  t o  i n j e c t i o n .  The f l o w  r a t e  was u s u a l l y  
ma in ta ined a t  1.0 mL/min t o  p r e v e n t  p ressures  i n  excess o f  1000 p s i g .  

RESULTS AND D I S C U S S I O N  

The d e t e r m i n a t i o n  o f  t h e  number average m o l e c u l a r  we igh ts  o f  t h e  
asphal tene and preaspha l tene SRL f r a c t i o n s  by vapor p r e s s u r e  osmometry (VPO) 
makes i t  p o s s i b l e  t o  e s t a b l i s h  t h e  exper imenta l  r e l a t i o n s h i p s  between e l u t i o n  
volume i n  t h e  a n a l y t i c a l  GPC and m o l e c u l a r  we igh t .  Band broadening o f  t h e  
peaks as shown i n  F i g u r e  1 i s  a f u n c t i o n  o f  t h e  number o f  t h e o r e t i c a l  p l a t e s  
o f  t h e  column and t h e  p o l y d i s p e r s i t y  o f  t h e  sample. The column system was 
found t o  have 7,500 p l a t e s  when u s i n g  pyrene i n  THF. The p o l y d i s p e r s i t y  
r a t i o s  (Mw/Mn) o f  t h e  SRL samples were measured u s i n g  commercial p o l y s t y r e n e  

f o r  c a l i b r a t i o n  o f  t h e  molecu la r  w e i g h t  and r e t e n t i o n  volumes assuming a 
l i n e a r  response. The p o l y d i s p e r s i t y  r a t i o  f o r  each o f  t h e  p o l y s t y r e n e  
standards was 1.3. The range o f  p o l y d i s p e r s i t y  va lues  o f  t h e  SRL f r a c t i o n s  
was found t o  be 1.05 t o  1.3. 

F i g u r e  2 shows a p l o t  of t h e  l o g a r i t h m  o f  m o l e c u l a r  w e i g h t  versus 
r e t e n t i o n  volume f o r  t h e  p o l y s t y r e n e  standards,  t h e  a c e t y l a t e d  SRL asptial tenes 
and preasphal tenes and a s e r i e s  o f  o l i g o ( a r y 1  e t h e r s )  and o l i g o ( a r y 1  
methylenes) from 170-570 g/mole. A n e a r l y  l i n e a r  r e l a t i o n s h i p  was found 
p r o v i d e d  t h e  a r y l  m o i e t i e s  were benzenoid. However, d e v i a t i o n s  f rom l i n e a r i t y  
were observed f o r  b o t h  model compounds and SRL samples c o n t a i n i n g  more 



condensed a r o m a t i c  n u c l e i  ( i . e . ,  naphthalene, phenanthrene and pyrene). 
Substances c o n t a i n i n g  l a r g e r  a romat ic  n u c l e i  were found t o  e l u t e  t o o  l a t e  f o r  
t h e i r  m o l e c u l a r  we igh t .  The l e n g t h  p e r  m o l e c u l a r  w e i g h t  o f  these compounds i s  
l ess  than a benzenoid molecu le  o f  t h e  same we igh t .  Because o f  t he  smal le r  
s ize  these compounds e l u t e  a t  a l a t e r  t ime.  The f r a c t i o n  o f  a romat ic  carbons 
present  as edge carbons (Haru/Car) was measured by p r o t o n  nmr t o  be 0.63 t o  

0.90 f o r  t h e  aspha l tenes  and preasphal tenes. C a l c u l a t e d  va lues  o f  Haru/Car 

f o r  t h e  model compounds ranged f rom 0.67 t o  1.0 and f o r  t h e  po lys ty rene 
standards were 1.0. Those SRL samples w i t h  Haru/Car r a t i o s  g r e a t e r  than 0.70 
gave n e a r l y  a c o i n c i d e n t  l i n e a r  p l o t  w i t h  the  p o l y s t y r e n e  standards as shown 
i n  F i g u r e  2. 

P h i l i p  and Anthony (12 )  have shown t h a t  when THF i s  used as a mobi le 
phase species capable o f  hydrogen bonding r e s u l t  i n  e l u t i o n s  corresponding t o  
l a r g e r  mo lecu la r  s i z e  and s m a l l e r  r e t e n t i o n  volumes. We observed t h i s  e f f e c t  
p a r t i c u l a r l y  f o r  200-300 g/mole model compounds c o n t a i n i n g  a p h e n o l i c  hydroxyl  
group. P h i l i p  and Anthony (12 )  a l s o  observed t h a t  r i g i d  molecules such as 
p o l y n u c l e a r  a romat ics  have s m a l l e r  m o l e c u l a r  s i z e s  and t h u s  l a r g e r  r e t e n t i o n  , 

condensed aromat ic  o l igomers  so we can b e t t e r  match t h e  Haru/Car values o f  the 
c a l i b r a t i o n  standards and t h e  coa l  d e r i v e d  l i q u i d s .  

CONCLUSIONS 

- volumes. The p r e s e n t  d i r e c t i o n  o f  o u r  research  i s  t o  p repare  a se r ies  o f  

Po lys ty rene,  01 igo(pheny1 e t h e r s )  and/or 01 igo(pheny1 methylenes) are 
s u i t a b l e  GPC c a l i b r a t i o n  standards f o r  most d e r i v a t i z e d  SRL asphal tenes and 
preasphal tenes. More condensed aromat ic  o l igomers  ( i  .e., c o n t a i n i n g  
phenanthry l  and p y r e n y l  m o i e t i e s )  may be r e q u i r e d  f o r  a c c u r a t e  GPC 
d e t e r m i n a t i o n  of t h e  m o l e c u l a r  w e i g h t s  o f  SRL samples w i t h  low Haru/Car 

( h i g h l y  condensed a r o m a t i c s ) .  The SRL samples must be d e r i v a t i z e d  t o  b lock  
f r e e  -OH groups and p r e v e n t  i n t e r a c t i o n  w i t h  t h e  GPC s o l v e n t ,  THF. 
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! 

F i g u r e  2.  GPC c a l i b r a t i o n  p l o t .  X = p o l y s t y r e n e  s tandards;  

o = SRL samples w i t h  Haru/Car 1. 0.70; + = model 

compounds wi th liaru!Car L 0.63 and n i t h o u t  p h e n o l i c  

-OH; o = moddl compounds w i t h  H aru/Car L 0.89 and 

w i t h  p h e n o l i c  -OH. 

54 45 40 35 30 25 20 I5 IO 5 0 
ELUTION V3LUME l m l l  

F i g u r e  1. HPLC GPC chromatograms o f  a c e t y l a t e d  SRL 
preasphal  tenes separated b y  p r e p a r a t i v e  GPC. 
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The Uses of Isothermal Plastometry 

William G. Lloyd,* John W. Reasoner,* James C. Hower** and Linda p. YateS** 
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**Institute for Mining and Minerals Research, University of Kentucky, 
Lexington, KY 40506 

The most widely used characterization of coal fluidity is the plastometric 
method developed by Gieseler (1). In a modified form, with a torque clutch 
replacing the original pulleys and weights, this has become a standard American 
procedure ( 2 ) .  Its relationship to dilatometry is well established ( 3 - 6 ) .  

The standard 3 deg/min Gieseler analysis provides a fixed-angle 'slice' across 
the fluidity-temperature surface, and in a single determination may provide 
plasticity information across a span of 50-100 deg C. It often reveals fluidity 
differences of more than a thousandfold among coals of similar rank and chemical 
composition. 

There are, however, several advantages to be gained by conducting Gieseler 
The resulting data permit the estimation of analyses under isotherinal conditions. 

'melting' and 'coking' rates and hence (from several runs at different 
temperatures) the determination of temperature dependencies of these rates. 
Isothermal data generally provide better simulation of the fluidity characteristics 
of coal in an actual continuous process such as extrusion feeding (7-9). 
Isothermal data clearly distinguish among coals of differing temperatures of 
maximum fluidity. 

Fitzgerald has shown that when ln(f1uidity) is plotted against time under 
isothermal conditions the coking slope is substantially linear. 
of a group of English coals in his study exhibit Arrhenius temperature 
dependencies, with activation energies in the vicinity of 50 kcal (10,ll). 

The coking slopes 

We have confirmed these observations for a group of 29 hvb coals from the 
eastern mid-continent beds. For most of these coals the isothermal melting curve 
is also found to be substantially linear (12,13). Figure 1 illustrates a typical 
isothermal run. The data provide not only classical information (softening point, 
time of maximum fluidity, solidification point and maximum observed fluidity) but 
also estimates of the melting and coking slopes and an additional measure, 
intersection maximum fluidity. This last is obtained by extrapolation of the two 
slopes to their point of intersection. 

Intersection maximum fluidity has several advantages over observed maximum 
Some coals have a flattish and poorly defined region of maximum 
Coals which outgas vigorously are likely to produce irregular and 

fluidity. 
fluidity. 
irreproducible readings in the vicinity of maximum fluidity. Highly plastic coals 
may develop fluidity in excess of 30,000 ddpm, greater than can be measured by the 
Gieseler plastometer. 
accessible and in our experience is a more consistent and reproducible measure, 
even for the case of ASTM temperature-gradient runs (Figure 2 ) .  

In all such cases the intersection maximum fluidity is 

In the present study a number of freshly sampled coals from active mines and 
coal cleaning plants have been obtained and reduced, stored under inert gas at 
-40°, and then analyzed using a research model Gieseler plastometer (Standard 
Instrumentation), sensitive to 0.1 ddpm (roughly 100 megapoise for a Newtonian 
fluid). Three of these coals are characterized in Table 1. 
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When a coa l  i s  examined i n  a series of  i so thermal  r u n s ,  both melt ing and 
coking s l o p e s  a r e  s t e e p e r  a t  h igher  temperatures .  
F igure  3. 
t e n f o l d  by r a i s i n g  tempera ture  from 412 t o  431'C. 

These t rends  a r e  i l l u s t r a t e d  i n  
For  t h i s  moderately p l a s t i c  c o a l ,  maximum f l u i d i t y  i s  increased  over 

Figure 4 i s  an Arrhenius  p l o t  based upon 20 i s o t h e r m a l  runs a t  412-438OC with 
Coal 141. 
f l u i d i t y )  with r e c i p r o c a l  temperature .  
corresponding v a r i a t i o n s  of  ln(me1ting s l o p e )  and ln(coking  s lope) .  
is e s s e n t i a l l y  l i n e a r  over  t h e  experimental  range. 

The top s l o p e  shows t h e  v a r i a t i o n  of In l n ( i n t e r s e c t i 0 n  maximum 
The middle and lower s l o p e s  show t h e  

Each of these 

During a n  i so thermal  Gieseler run t h e  so lder -pot  furnace  maintains  a near ly  
The l i n e a r i t y  of t h e  constant  temperature  ( s tandard  devia t ion  less than l . O ° C ) .  

Arrhenius s l o p e s  permi ts  t h e  de te rmina t ion  of a c t i v a t i o n  e n e r g i e s  wi th  f a i r l y  good 
prec is ion  (Table  2 ) .  The Arrhenius  r e l a t i o n s h i p  a l s o  permi ts  t h e  i n t e r p o l a t i o n  of 
data  so t h a t  s lopes  and f l u i d i t i e s  of  a number of c o a l s  can  be determined a t  
prec ise ly  t h e  same temperature .  

Overall i so thermal  f l u i d i t y  c h a r a c t e r i s t i c s  of these  aad  o ther  coa ls  which we 
are  s tudying  (14) a r e  summarized ir. Table 3 .  -These d a t a  sugges t  some genera l  
t rends among hvb c o a l s .  
v i c i n i t y  of 50 k c a l ,  as F i t z g e r a l d  found wi th  Engl ish coa ls  (11). Coking s l o p e  
values  a r e  s l i g h t l y  h igher  f o r  t h e  s p a r i n g l y  p l a s t i c  coa ls .  Act iva t ion  energ ies  of 
the mel t ing  s l o p e s  tend t o  i n c r e a s e  wi th  increas ing  p l a s t i c i t y ,  from 25-30 k c a l  for  
spar ingly  p l a s t i c  c o a l s  t o  50-55 k c a l  f o r  h i g h l y  p l a s t i c  c o a l s .  
energ ies  of ln(maximum f l u i d i t y )  decrease  wi th  increas ing  p l a s t i c i t y ,  from 30-35 
kcal  for s p a r i n g l y  p l a s t i c  c o a l s  t o  10-20 k c a l  f o r  h ighly  p l a s t i c  coa ls .  The 
r a t i o  (mel t ing s lope)  / (coking s lope)  is notab ly  h igher  f o r  t h e  h ighly  p l a s t i c  
coals .  

A c t i v a t i o n  energ ies  of t h e  coking s l o p e s  are a l l  i n  t h e  

Act ivat ion 

Maximum f l u i d i t i e s  measured under i so thermal  condi t ions ,  a t  OT near  t h e  ASTM 
temperature of maximum f l u i d i t y ,  are s u b s t a n t i a l l y  g r e a t e r  t h a n  t h e  corresponding 
ASTM maximum f l u i d i t i e s .  For s p a r i n g l y  f l u i d  c o a l s  t h e  maximum iso thermal  f l u i d i t y  
is t y p i c a l l y  two- t o  three- fo ld  t h a t  observed i n  an ASTM run. This  r a t i o  increases  
w i t h  c o a l  f l u i d i t y ,  wi th  v a l u e s  t y p i c a l l y  i n  t h e  range 5-8 f o r  moderately p l a s t i c  
(30-300 ddpm) c o a l s .  Table  4 summarizes t h i s  t rend  f o r  1 7  c o a l s  f o r  which 
isothermal  d a t a  have been obta ined  a t  o r  very near  t h e  ASTM temperature  of maximum 
f l u i d i t y .  For h ighly  f l u i d  c o a l s  t h e  i so thermal  d a t a  w a s  ob ta ined  a t  temperatures  
apprec iab ly  below T(max f l u ) .  The maximum f l u i d i t y  obtained i n  an ASTM run can be 
matched i n  an i so thermal  run  conducted a t  10-15 deg C below t h e  ASTM temperature  of 
maximum f l u i d i t y .  

Discussion. 

Since a very  l a r g e  number of p a r a l l e l  r e a c t i o n s  is involved i n  both t h e  
melt ing and coking reg ions  of an i so thermal  run ,  i t  i s  reasonable  t o  ask why - f o r  
a semilogari thmic p l o t  o r  any o t h e r  p l o t  - t h e  change i n  f l u i d i t y  with t i m e  has  
domains of  s u b s t a n t i a l  l i n e a r i t y .  The c o n d i t i o n  necessary t o  f i n d  l i n e a r i t y  under 
some condi t ions  is t h a t  t h e  major  c o n t r i b u t i n g  r e a c t i o n s  be of t h e  same k i n e t i c  
o r d e r :  

-d[Bl/dt  = wlkl[Bln+ w2k2[B]" + 
where the w i t s  and ki ' s  denote  weight ing f a c t o r s  and empir ica l  rate cons tan ts .  

observa t ion  t h a t  p l o t s  of I n c f l u i d i t y )  vs .  time y i e l d  mel t ing  and coking s l o p e s  
which a re  e s s e n t i a l l y  l i n e a r  s u g g e s t s  t h a t  Equation 1 i s  i n  f a c t  followed. 

The right-hand terms are then  e a s i l y  c o l l e c t e d  i n t o  a s i n g l e  term. The 
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This does not mean, as some have suggested, that isothermal coking is a Set Of 
first-order processes. 
fraction, the coking process is not kinetically first-order. 
needed before kinetic dependencies can be inferred from these curves. 

Since slurry fluidity is not a linear function of fluid 
Further work is 

Since melting and coking slopes and ln(maximum fludity) all follow Arrhenius 
dependencies, the fluidity span (the time interval during which fluidity exceeds a 
specified value) can also be calculated at any interpolated temperature. This can 
be seen analytically. If f is In(intersection maximum fluidity), tm the time 
interval from initial softening to maximum fluidity and tc the time interval from 
maximum fluidity to coking point, then the melting slope m is equal to f/tm and the 
coking slope c is equal to f/tc. The total time span (tm + tc) is then: 

t = f*(l/m +l/c) (2 )  

If a process requires a minimum fluidity F' which is any value less than the 
maximum fludity, then: 

t' = (f - f') * (l/m + l/c) (3) 

where f' = ln(F'). 

This study is part of an investigation into the predictability of plastic 
behavior in bituminous coals (14). We acknowledge with thanks the support of this 
work by the U.S. Department of Energy. 
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Table 1 
Coal Charac t e r i za t ion  Data* 

County 
Seam and rank 

Mois ture  
Ash 
V o l a t i l e  matter 

% Carbon 
% Hydrogen 
% Nitrogen 
% Sulfur  

Heating va lue ,  B tu / lb  
Free  swe l l ing  index 

% V i t r i n i t e  
% P s e u d o v i t r i n i t e  
% E x i n i t e  
% R e s i n i t e  
% F u s i n i t e  
% Semi fus in i t e  
% M i c r i n i t e  
% Macr in i t e  

Mineral matter (Pa r r )  
V i t r i n i t e  max r e f l e c t  

ASTM Giese l e r  da t a :  
T(sof ten ing)**  
T(max f l u i d i t y )  
T ( s o l i d i f  i c a t i o n )  ** 

Coal 118 

Muhlenberg 
Ky 19, hvBb 

7.09% 
8.36 
40.6 
74.1 
5.11 
1.50 
3.59 
13,020 
4.5 
76.1% 
1.2 
3.5 
0.4 
3.3 
3.6 
1 . 7  
0.2 
11.0 
0.54 

388 
428 
447 

Coal 122 

Union 
KY 16, hvAb 

2.40% 
9.60 
39.4 
76.0 
5.42 
1.44 
2.91 
13,490 

70.7% 
5.3 

3.2 
0.5 
3.5 

1.9 
-0.1 

a. 

2.8 

12.0 
0.73 

376 
422-435 
467 

Max f l u i d i t y  (observed) 26.8 >30,000 
Max f l u i d i t y  ( i n t e r s c t n )  44.5 2.61E+6 

Coal 841 

But l e r  
Amos, hvBb 

7.78% 
2.77 
42.1 
80.7 
5.74 
1.61 
1.06 
14,280 

79.0% 
6.7 
6.3 
0.9 
0.4 
0.7 
2.7 
0.0 
3.3 
0.67 

3. 

3 9a 
436 
459 
217 
590 

* Mois ture  i s  as de termined ,  o t h e r  va lues  on a d ry  ash-included b a s i s .  ** Temperature a t  which f l u i d i t y  v a l u e  i s  1 . 0  ddpm. 

Table  2 
P r e c i s i o n  of Arrhenius  Temperature Dependencies* 

- -  Coal n Nel t ing  s lope  Coking s lope  l n ( 1 n t e r s e c t i o n  max f l u )  

118 20 31.0 t 2.5 48.5 t 3.2 35.9 5 2.5 
1\22 19 56.5 5 1.8 48.7 5 2.0 20.0 5 1 . 5  

#4i 20 43.8 5 1.8 51.4 & 2.0 19.7 5 0.8 
* Least-squares va lues  i n  k c a l  and s tandard  dev ia t ions .  

I 
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Table 3 

F l u i d i t y  C h a r a c t e r i s t i c s  of Se lec ted  Coals* 

Coals I n t e r s e c t i o n  max f l u  ) fe l t ing  s l o p e l  Coking s l o p e l  

4 0 O o C  420'12 E(a) 40OoC 42OoC E(a) 400'C 420'C 

122 2540 1.8E5 20.0 0.70 2.38 56.5 0.13 0.37 48.7 
average of 5 
6 tbe r  h ighly  14300 2 . 5 ~ 5  12.3 0.99 3.0 51. 0.16 0.43 44.5 
p l a s t i c  c o a l s  

141  40 277 19.7 0.24 0.62 43.8 0.14 0.43 51.4 

average of 5 
o the r  medium 40 366 21.4 0.34 0.82 42 .1  0.19 0.53 48.7 
p l a s t i c  c o a l s  

118 8 88 35.9 0.40 0.77 31.0 0.27 0.77 48.5 

average of 5 
o the r  s l i g h t l y  5 24 33.2 0.35 0.62 26.9 0.20 0.60 50.8 
p l a s t i c  c o a l s  

* F l u i d i t y  averages a r e  logar i thmic .  P r o p e r t i e s  averaged from c o a l s  21, 25, 
27, 32 and 34 (h ighly  p l a s t i c ) ;  1 5 ,  26, 36, 37 and 39 (medium p l a s t i c ) ;  and 
02, 03, 09, 24 and 40 ( s l i g h t l y  p l a s t i c ) ,  r e f .  15. 
Slopes are i n  r e c i p r o c a l  minutes.  

Table  4 
Maximum Observed F l u i d i t i e s  under ASTM and Iso thermal  Conditions 

no. of Maximum f l u i d i t y  ASTM Conditions I so thermal  Condi t ions  Ratio* 
c o a l s  (MF) range, ddpm Avg MF Avg MF - 

5 2 < M F < 8  3.8 422' 10 .2  421' 2 . 7  

6 8 < M F < 3 2  12.8 426" 51.2 426" 4.0 

6 32 < MF 256 136. 430" 829. 430' 6.1 

* Rat io  of (maximum iso thermal  f l u i d i t y )  / (maximum ASTM f l u i d i t y )  
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FIGURE 2. AST# PLASTOMETRV OF A hvAb COAL. Horizontal:  t ime i n  minutes. 
scale 0 t o  28. Ver t ica l :  l n ( f 1 u i d i t y  i n  ddpm), scale 0 t o  IS. The f l a t  top 
o f  the experimental curve marks the Instrument l i m i t  o f  30,000 ddpP. 

FIGURE 1. Horizontal:  
time i n  minutes, scale 0 t o  56. Vert ical:  l n ( f 1 u i d i t y  i n  ddpm). scale 
0 t o  12. Slope ca lcu lat ions use f l u i d i t i e s  above 10 ddpn and below one 
quarter o f  the observed m a x i m  f l u i d i t y .  

ISOTHEPML PLASTOHETRV OF A hvAb COAL AT 405°C. 
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FIGURE 4. ARRHENIUS PLOT OF FLUIDITY CHARACTERISTICS OF COAL 1141. Horizontal: 
lOOO/"K, s ca l e  1.40 t o  1.46 (441-412Y). Vertical: ln(funct i0n) .  s ca l e  -1.5 t o  
+2.5. From top to  bottom: ln(maximuin f l u i d i t y ) ,  m l t i n g  slope, coking slow. 
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P r e d i c t o r s  of I so thermal  F lu id  P r o p e r t i e s  of  Coals 

W i l l i a m  G. Lloyd,* John W. Reasoner,* Carol  L. Reagles,** 
Carol  P. Clark,* Jana M. mi t t ,*  James C.  Hewer,*** 

Linda P. Yates,*** and Ei leen  Davis*** 

*Department of  Chemistry, Western Kentucky U n i v e r s i t y ,  Bowling Green, KY 

**Department of Mathematics, Western Kentucky Univers i ty ,  Bowling Green, KY 

42101 

42101 

***Ins t i tu te  f o r  Mining and Minerals Research, Univers i ty  of Kentucky, 
Lexington, KY 40506 

F l u i d i t y ,  which t y p i c a l l y  develops i n  t h e  range 38O-42O0C, i s  a unique 
property of mid-ranked c o a l s .  
o f ten  e x h i b i t  Gieseler f l u i d i t i e s  d i f f e r i n g  by s e v e r a l  o r d e r s  of magnitude. The 
o b j e c t i v e  of t h i s  s tudy  i s  t o  s e e k  t o  i d e n t i f y  p r e d i c t i v e l y  u s e f u l  c o r r e l a t i o n s  
between o t h e r  wel l -def ined parameters  and t h e  f l u i d  p r o p e r t i e s  of hvb-coals. ~ 

I n  t h e  s tandard  Gieseler p las tometer  a n a l y s i s  (1)  t h e  c o a l  i s  heated a t  a 

Coals  of similar rank  and composi t ion,  however, 

- 

cons tan t  3 deg C/min throughout  t h e  run. There a r e ,  however, s e v e r a l  advantages to  
be gained by o p e r a t i n g  t h e  p las tometer  i n  an i so thermal  mode, among them t h e  more 
a c c u r a t e  determinat ion of mel t ing  and coking s l o p e s  and t h e  determinat ion of  t h e  
a c t i v a t i o n  energ ies  a s s o c i a t e d  wi th  t h e s e  s l o p e s  and wi th  maximum f l u i d i t i e s  ( 2 ) .  
I n  t h i s  s tudy we  use t h e  i s o t h e r m a l  f l u i d  c h a r a c t e r i s t i c s  of a group of hvb coa ls  
as t h e  dependent v a r i a b l e s .  W e  w i l l  examine a number of s tandard  and nonstandard 
c h a r a c t e r i z a t i o n s  of c o a l s  f o r  t h e i r  p r e d i c t i v e  power wi th  regard  t o  these  f l u i d  
p r o p e r t i e s .  

Twenty-nine c o a l  samples were c o l l e c t e d  from e a s t e r n  mid-continent seams 
(mostly from wes tern  Kentucky), from a c t i v e  mines and from c o a l  c leaning  p l a n t s  
using f r e s h l y  mined c o a l  of  known l o c a l  o r i g i n .  
weather ing of t h e  samples, a l l  c o a l s  were reduced, s p l i t  and s t o r e d  i n  sea led  heavy 
p l a s t i c  under i n e r t  gas  a t  f r e e z e r  temperatures  p r i o r  t o  t e s t i n g .  
u l t i m a t e  and s h o r t  pe t rographic  c h a r a c t e r i z a t i o n s  are given i n  Table  1. 
d e t a i l e d  source  informat ion  i s  a v a i l a b l e  e lsewhere (3) .  

To minimize a d v e n t i t i o u s  

The proximate, 
More 

For each o f  these  c o a l s  a number of i so thermal  G i e s e l e r  determinat ions (at 
l e a s t  18) has  been made. 
dependencies ( 2 , 4 ) ,  a s  do ln(maximum observed f l u i d i t y )  and l n ( i n t e r s e c t i o n  maximum 
f l u i d i t y )  ( 2 ) .  
i n t e r p o l a t i o n  o r  s h o r t  e x t r a p o l a t i o n  of temperature  t o  a benchmark va lue  such as 
400OC. 
and f l u i d i t y  d a t a  es t imated  f o r  380, 400 and 42OoC. 
f l u i d i t i e s  (by s l o p e  i n t e r s e c t i o n )  of t h e s e  c o a l s  cover  a wide range, ranging a t  
400 C from 62,300 ddpm ( c o a l  25) t o  1.8 ddpm ( c o a l  28). 

Both mel t ing  and coking s l o p e s  fo l low Arrhenius 

For d i r e c t  coal-to-coal comparison i t  i s  convenient  t o  make an 

Table 2 summarizes t h e  f l u i d i t y  c h a r a c t e r i s t i c s  of t h e s e  c o a l s ,  wi th  s l o p e  
The maximum Gieseler 

In a d d i t i o n  t o  t h e  c h a r a c t e r i z a t i o n  d a t a  summarized i n  Table  1, s e v e r a l  
nonstandard measurements have been made. These a r e  descr ibed  below. 

When small por t ions  (3-5 mg) of  coa l  are pyrolyzed a t  a high ramp (500 deg 
C/sec)  and low c e i l i n g  tempera ture  (45OOC) onto a nonpolar  chromatographic column, 
t h e  r e s u l t i n g  chromatogram provides  information i n  two d i s t i n c t  reg ions ,  a gaseous 
product mixture  which quick ly  e l u t e s  from a 50 c m  s i l i c o n e  (OV 101) column a t  6OoC, 
and a l a r g e r  vapor product  mixture  e l u t i n g  a t  200-250°C. 
procedure has  been developed (5), wherein t h e  i n t e g r a t o r  s i g n a l s  i n  s e v e r a l  
one-minute windows are found t o  c o r r e l a t e  s i g n i f i c a n t l y  with observed f l u i d  
P r o p e r t i e s .  

A s tandard  pyrolysis/GC 

This  i s  a reasonably  reproducib le  procedure,  with s tandard  devia t ions  
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(quadruplicate analyses) averaging 6.5% of the total integrator signal per 
microgram coal. 

Total organic material extractable by refluxing tetrahydrofuran (THF) and 
1 

refluxing N,N-dimethylformamide (DMF) has been determined for all coals by Soxhlet 
extraction in triplicate. 
basis) is 14.3%, average standard deviation 0.29%. 
DMF (same basis) is 25.1%, average standard deviation 0.85%. 
heat residues to 15OoC under 1 torr in order to obtain complete desorption of the 
nitrogen base (6). 

The average amount extracted by THF (dry ash-included 

It is necessary to 
The average amount extracted by 

Two other kinds of data were obtained and found to have no predictive value 
with regard to plasticity. 
crosslink densities, then the swelling (7,8) of DMF extraction residues by cold DMF 
might be expected to correlate with fluidities. Residues from four coals were 
swelled to equilibrium by direct contact with liquid solvent in a simple apparatus 
adapted from Larsen ( 7 ) .  
35 to over 30,000 ddpm. 
most fluid coal having one of the lower swelling ratios. 
rule out the possibility that fluidity differences among hvb coals arise from 
differences in covalent crosslink densities. 

If fluid properties were related to low covalent 

The four coals had ASTM maximum fluidities ranging from 
The swelling ratios were all between 2.1 and 2.5, with the 

This observation seems to 

The second experiment productive of negative results was that of FTIR 
examination of selected coals and their THF extracts, using the procedure described 
by Painter (9,lO) and the H(aromatic)/H(aliphatic) ratio technique of Solomon (11). 
Two low-fluidity coals, 03 and 24, and two highly fluid coals, 22 and 34, were 
compared. The aromatic/aliphatic ratios are slightly different for the raw coals 
(0.43 and 0.45 for the low-fluidity coals and 0.47 and 0.49 for the high-fluidity 
coals), and are identical for the THF extracts (0 .33  for all four coal extracts). 
This appears to rule out the view that variations in fluid behavior reflect 
substantial variations in the chemical characteristics of the sol fractions. 

11 

1 

The following 'independent variables were collected for first-round 
prediction testing: 

\ 

16 classical characterizations, including seven petrographic 
measurements; 

6 semistandard characterizations (ash sulfate, organic and 
pyritic sulfur, aliphatic/aromatic ratio, and DMF and THF 
extractables); 

25 measures (with considerable redundancy) of the pyrolysis/ 
GC chromatograms; and 

9 sets of values derived from the above (five estimates of 
reactive macerals, 2 estimates of H/C ratio, an empirical formula 
for estimating liquefaction reactivity from % hydrogen and organic 
sulfur, and an estimate of extractable 'preasphaltenes' as [DMF-THF]). 

These parameters were examined separately by simple linear regression, using 
the SAS (12) R-square test, to reduce the candidate independent variables to a 
manageable number. 
A candidate variable is rejected if the fraction of the total sums of squares 
accounted for by a simple linear regression using the candidate variable is less 
than 0.1, and/or the variable is redundant with another variable which has stronger 
predictive power. (For example, pyritic sulfur is less predictive than total 
sulfur, and with total sulfur present in the analysis pyritic sulfur does not 

The number of variables was reduced to 13, using two criteria. 
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provide sufficient additional predictivity.) 
screening are shown in Table 3. 

The variables surviving this 

The best single predictor of fluidity at 400-420°C is the 4-5 min pyrolysis/GC 

In the absence of pyrolysis/GC data 
signal (the gas signal from fast pyrolysis to 45OoC), which affords correlation 
coefficients of .850 at 420 and .867 at 40OoC. 
the next best predictor is total DMF-extractables, affording correlation 
coefficients of .851 at 420 and .812 at 40OoC. 

The expansion of the regression equation to include additional independent 
variables always increases the goodness of fit. 
however, improvement in the correlation coefficient R becomes quite small. 
predicting ln(maximum intersection fluidity) at 4OO0C, for instance, the values of 
R with the successive addition of the 4-5 min pyrolysis/GC signal, vitrinite 
reflectance, THF-extractables and total sulfur are .867, .895, .920 and .935. When 
pyrolysis data are excluded, the successive inclusion of DMF-extractables, 
vitrinite reflectance, THF-extractables and % resinite yields R values of .812, 
.856, .890 and .901. I n  these and other cases the improvement obtained by adding 
the fourth predictive variable is of marginal statistical significance. 

- following-observations are based upon the most consistent three-variable - 
regressions provided by this database. 

After the third variable is added, 
In  

The 

When only classical and petrographic data are available the best three-term 
linear regressions provide fits with R in the vicinity of 0.7-0.8 (Table 4). 
is illustrated by the regression plot for ln(maximum intersection fluidity) at 
4OO0C (Figure 1). 
maximum vitrinite reflectance. 

This 

The variables used here are heating value, total sulfur, and 

With the addition of quantitative Soxhlet extraction data, a regression on the 
same fluidity data using vitrinite reflectance, THF-extractables and DMF- 
extractables provides a reasonably good fit (Figure 2 ) ,  with R = .890. 

With the further addition of the pyrolysis/GC data, inclusion of the 4-5 min 
pyrolysis signal, along with vitrinite reflectance and THF-extractables, provides a 
Still better fit (Figure 3), with R = .920. 
comparably good (Table 4). 

The predictions at 42OoC are 

An important test for the adequacy of any predictive model is the examination 
A plot of the residuals from the regression of residuals for possible patterning. 

Of Figure 3 is shown in Figure 4. 
residuals suggests that most of the data scatter of Figure 3 represents random 
error (sample inhomogeneity and errors of sampling, analysis, and possibly 
adventitious sample ageing during the various analyses). 

The substantially random distribution of these 

Discuss ion. 

It has not proven to be possible to predict fluid properties of coals on the 
basis of a single chemical or petrographic characterization. 
extraction with pyridine or quinoline (13) appears to be little more than roughly 
indicative. 
predictor (R > 0.8), and a part of the 450' pyrolysis gas signal is a slightly 
better predictor. 

Even solvent 

In the present study DMF-extractables constitute an approximate 

The above data (Table 4) show reasonably good prediction ( R ' s  > 0.9) of 
maximum fluidity and melting and coking slopes by multiple linear regression 
equations using three predictive variables. 
when PYrolYsiS or extraction data are excluded. 
to 0.85 when both pyrolysis and extraction data are excluded (Figure 1). 

The data fits are not quite as good 
The correlation coefficient falls 
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The measurements with the greatest significance for our data are the 4-min. 
pyrolysis/GC signal (or other nearly equivalent pyrolysis data), THF-extractables, 
DMF-extractables, heating value and vitrinite reflectance. 
of any of the first four correlate with increasing the melting slope; increasing 
reflectance makes little change in melting slope but diminishes the coking slope. 
Increases in any of these variables correlate with increased maximum fluidity. 

I Increases in the Values 

The relative importance of predictive variables varies with the situation. 
DMF-extractables is a considerably better single predictor than THF-extractables; 
yet in most multivariate cases THF-extractables make a larger Type IV contribution 
to regression sums of squares than do the DMF data. It is tentatively suggested 
that the DMF data are partially redundant with the pyrolysis data. We are not yet 
able to offer a specific mechanistic interpretation of these observations. 

After examination of a number of expressions containing predictors raised to 
other than the first power, and a number of expressions with cross-terms containing 
products of two predictors, the simple first-order linear equations of Table 4 seem 
to be as good as any. We are continuing to apply factor analysis to these data, 
with the objective of characterizing more clearly the underlying physicochemical 
features controlling fluid behavior in coals. 

This work is part of a larger study of coal plasticity, for which we 
acknowledge with thanks the support of the U.S. Department of Energy ( 3 ) .  
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Table 3 

Var iab les  Retained f o r  Mul t ip le  Linear  Regression Analysis  

Class :  R' i n  s imple regress ion*  

C l a s s i c  a1 FSI .260 
BTU .122 
% Sulfur  .031' 

Petrographic  E x i n i t e  .128 
Res i n i  t e . l o 5  
P s e u d o v i t r i n i t e  .290 
Max V i t r i n i t e  Ref lec tance  .246 

Ext rac t ion  DMF-extractables .554 
THF-extractables .199 

Pyrolysis/GC 4-5 min s i g n a l  %2 * 595 

- 14-16 min s i g n a l  counts3  .572 
2-5 min s i g n a l  counts2 .572 

13-17 min window counts3  .565 
-_______________________________________----------------------------------- 
* Averages f o r  s i x  e s t i m a t e s :  max observed f l u i d i t y  a t  400" and 420", and E ( a c t ) ,  

and max i n t e r s e c t i o n  f l u i d i t y  a t  400' and 420", and E ( a c t ) .  

' Retained owing to good p r e d i c t i v e  power f o r  coking s lopes .  
The 4-5 min s i g n a l  % and 2-5 min s i g n a l  counts  are s u b s t a n t i a l l y  redundant .  
The 14-16 min and 13-17 min s i g n a l  counts  a r e  s u b s t a n t i a l l y  redundant. 

Table  4 

B e s t - f i t  Three-value M u l t i p l e  Linear  Regression Equat ions 

Equation' Corr. c o e f f .  

CLASSICAL AND PETROGRAPHIC DATA ONLY: 
MELT400 = -1.128 +1.309E-4 * BTU -8.8573-2 * E X I N  +2.531E-l * RESI  .785 
MELT420 = -5.986 +5.793E-4 * BTU -2.7583-1 * E X I N  +6.919E-1 * RESI  .692 

COKE400 = +0.078 +1.582E-5 * BTU +3.3563-2 * SULF -3.018E-1 * REFL 
COKE420 = +0.757 f2.401E-5 * BTU 

FCAL420 = -54.54 +3.101E-3 * BTU +2.643E0 * SULF +1.962E+1 * REFL .723 

WITH EXTRACTION AND PYROLYSIS/GC DATA AVAILABLE: 

MELT400 = -0.311 +1.2243-1 * RESI +3.168E-2 * THF +3.287E-1 * PYR4 .906 
MELT420 = -1.369 +2.3883-1 * RESI +1.025E-1 * THF +1.285E0 * PYR4 .904 

FCAL4OO = -9.998 +1.102E+1 * REFL +3.374E-1 * THF +3.36930 * PYR4 .920 
FCAL420 = -11.59 +1.134E+l * REFL +5.767E-1 * THF +3.731E0 * PYR4 .912 

.8062 . 9132 +6.273E-2 * SULF -1.103E0 * REFL 

FCAL400 = -44.32 f2.419E-3 * BTU +1.815E0 * SULF +1.7893+1 * REFL .7 21 

________________________________________---------------------------------------- 
' Abbreviat ions:  MELT400 and MELT420 - melt ing s l o p e s  a t  400' and 420'C; COKE400 
and COKE420 - coking s l o p e s  a t  400" and 420°C; FCAL400 and FCAL420 - l n ( i n t e r s e c -  
t i o n  maximum f l u i d i t y )  a t  400' and 42OoC; BTU - h e a t i n g  va lue ;  E X 1  - % e x i n i t e ;  
REFL - %maximum v i t r i n i t e  r e f l e c t a n c e ;  RESI - % r e s i n i t e ;  SULF - % s u l f u r ;  THF - 
% e x t r a c t a b l e  by THF. B e s t  t h r e e - v a r i a b l e  f i t .  
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VISCOELASTIC PROPERTIES OF BITUMINOUS COALS 
1 John M. Howell and Nikolaos A. Peppas 

School of Chemical Engineering 
Purdue University 

West Lafayette, Indiana 47907 

INTRODUCTION 

these have on possible coal s t ruc tures  a re  of increasing in t e re s t  as indus t r ia l  
processes are developed for coal u t i l i za t ion  ( l iqu i fac t ion  and gas i f ica t ion) .  
Developing accurate s t ruc tura l  models and appropriate re la t ions  t o  predict  the  
swelling and thetmal behavior of  coals would grea t ly  a id  plant design by enabling 
engineers to  estimate reaction k ine t ics  and mechanisms f o r  reactions.  

explaining i t s  swelling and thermal behavior. 
tha t  i l l u s t r a t ed  i n  Figure 1 has been proposed by Lucht and Peppas [ l ] .  
of model i s  i n  agreement with current experimental findings and i s  applied i n  the  
analysis of experimental resu l t s .  

The study of the  swelling and thermal behavior of coals and the implications 

I t  i s  useful to  consider coal as  a crosslinked macromolecular network when 
A crosslinked s t ruc ture  such as 

This type 

Figure 1 .  
possible defects. -. . Chains par t ic ipa t ing  in network s t ruc ture ;  ---: 
ext iac tab le  (unreacted o r  degcaded) chains; 0 : cross l inks  ( junc t ions) ;  
molecules of swelling agent; M : molecular weight between crosslinks;  A: t e t r a -  
functional cross1 ink; B :  mulfifunctional c ross l ink ;  C:  unreacted func t iona l i t i es ;  
0: chain end; E :  entanglement; F: chain loop; G :  e f f ec t ive  network chain; 
H: mesh s ize .  

Chemical and Physical Structure of Coal 

linked macromolecular network models and theor ies  has become increasingly common i n  
the  recent past ,  although such models have existed f o r  over twenty years [2]. If  
mineral matter, ash and other impurit ies na tura l ly  occuring in coal a re  excluded, 

Simplified representation of the crosslinked s t ruc ture  of coal including 

Interpreting the  physical s t ruc ture  of macromolecular chains in coal with cross- 

~~ 

1.  Corresponding author 
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coal s t ruc tu res  can be described by two d i s t i n c t  phases. 
of small and large molecules which are uncrosslinked and occupy a substantial  
portion of the whole coal sample. 
uncross1 inked molecules formed during diagenesis [3], o r  somewhat degraded chains 
formed by depolymerization reactions during the  metamorphic stage of coal develop- 
ment. 
macromolecular phase forming a crossl inked three-dimensional network (coal matrix) 
[ l] .  
molecular chains and possible chain defects.  

(unless the  solvent ac t s  by combined diffusion and reac t ion ,  a s  i n  depolymerization), 
and i s  characterized by b o t h  physical and chemical c ross l inks .  
are found in highly entangled macromolecular chains t h a t ,  because of inherent 
r i g id i ty ,  have r e s t r i c t ed  mobility. 
Chemical crosslinks a r e  formed by chemical reactions between two o r  more coal chains, 
which lead t o  multifunctional c ross l inks .  

Coal researchers have considered models o f  various “reconstructed” chemical 
s t ruc tures  of coal as  a means t o  support t he i r  theor ies  [3]. B u t  model networks 
such as  those proposed by Wiser and Given a r e  only ind ica t ive  o f  the type  of chemical 
crossl inks one would expect in coal 
coal o r  the  s i ze  of macromolecular chains between cross l inks .  Chain ends, unreacted 

- iuncti-onali t ies,  chain loops and multifunctional crosslinks a re  types of defects 
which make an accurate analysis o f  the  coal network unlikely.  

The nature of the c ross l inks  i n  coal is a point of s c i e n t i f i c  dispute.  
of the work on identifying coal c ross l inks  r e l i e s  on ana lys i s  of the products of 
depolymerization and degradation reactions.  
strong intermolecular in te rac t ions  occur, analyzing the  r e su l t s  i s  d i f f i c u l t ,  
often leading only t o  speculations about chemical s t ruc ture  [3,4]. 

based on mass-analyzed ion k ine t ic  energy spectrometry. Other techniques have been 
used including elemental analysis and ident i f ica t ion  o f  decomposition and extraction 
products from coal ,  IR spectroscopy, h i g h  resolution NMR, and GC/mass spectroscopy. 
These r e s u l t s  have given us a c l ea re r  understanding of the  types of chemical bonds 
involved in crosslinking. 

Viscoelastic Properties of Coal 

One aspect of the  macromolecular coal s t ruc tu re  which has been given very l i t t l e  
a t ten t ion  upto now i s  i t s  v i scoe las t ic  behavior. I t  i s  in general known t h a t  coal 
a t  h i g h  temperatures, c lose  t o  the  l iquefaction temperature of 300-350°C, softens 
and behaves as  a highly viscous mater ia l .  I t s  v iscos i ty  becomes dependent on the  
conditions of application of s t r e s s  o r  s t r a i n .  For example, Nazem [5] studied the 
non-Newtonian behavior of carbonaceous niesophase pitch a t  high temperatures u s i n g  
a Haake viscometer and established t h e  non-Newtonian behavior in terms of the  
viscosity a s  a function of the  shear r a t e .  Briggs [SI investigated the v iscos i ty  
of coal t a r  pitch a s  a function of temperature. Covey and Stanmore [7] attempted 
to  present a cons t i tu t ive  equation f o r  the rheological behavior o f  Victorian brown 
coals of Australia. 

i s  through thermal analysis a t  high temperatures. The ear ly  work of Bangham and 
Franklin 181 established cha rac t e r i s t i c s  of the  change and expansion of t he  coal 
s t ruc ture  a t  high temperatures. More recently Sanada and Honda [SI used creep 
deformation experiments of various Japanese coals t o  e s t ab l i sh  t h e i r  mechanical 
behavior a t  high temperatures. 
and probably the only investigators upto now t o  inves t iga te  the  use of therm- 
mechanical ana lys i s  a s  a method o f  charac te r iza t ion  of coal s. 

ana lys i s  Of some American bituminous coals.  

The f i r s t  phase consists 

These macromolecular cliains can be in t ac t  

The primary phase o f  t h e  coal s t ruc tu re  cons is t s  o f  a highly crosslinked 

This i s  the s t ruc ture  shown i n  Figure 1 ,  which depicts several forms of macro- 

The crossl inked s t ruc tu re  cannot be extracted or dissolved a t  low temperatures 

Physical crosslinks 

In t h i s  case, disentanglement i s  not l ike ly .  

and are  n o t  proof of the  physical s t ruc ture  of 

_- 

Most 

Because the system i s  complex and 

A promising analytical  technique fo r  degradation products (coal l iqu ids)  i s  

’ 

An a l t e rna t ive  approach of investigation of the v iscoe las t ic  behavior o f  coals 

F ina l ly ,  Rovenskii and Melnik [lo] were the  f i r s t  

Here we present new and important information on the r e su l t s  of thermomechanical 
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EXPERIMENTAL PART 

Prev ious l y  s to red  i n  n i t r o g e n ,  f l a t  coa l  samples o f  t h e  f o l l o w i n g  c o a l s  were 
used i n  t h e  present  s t u d i e s :  PSOC-418 (69.95% C, dnunf b a s i s ) ,  PSOC-791 (72.75% C ) ,  
PSOC-312 (78.33% C), PSOC-853 (80.15% C), PSOC-402 (82.48% C) and PSOC-989 (88.81% C); 
a l l  ob ta ined  from the  coa l  bank o f  t h e  Pennsylvania S t a t e  U n i v e r s i t y .  A l l  samples 
had an i n i t i a l  surface area of app rox ima te l y  2.5 mm2. 
mechanical analyzer  (model TMS-2, Pe rk in  Elmer, Norwalk, Conn.) u s i n g  t h e  p e n e t r a t i o n  
mode o f  t h e  device, under cont inuous pu rg ing  o f  n i t r o g e n  and s t a r t i n g  from an 
i n i t i a l  temp r a t u r e  o f  35°C. The t i p  of t h e  probe was round w i t h  a su r face  area 
o f  0.6207 nun . 
and 40 g corresponding t o  s t resses  o f  0.158, 0.316, 0.474 and 0.632 MPa, respectively. 
Unless otherwise noted, a l l  s t u d i e s  were performed a t  a scanning speed of 10"C/min 
and upto 350°C. The deformat ion was determined as a f u n c t i o n  o f  t ime  and t ransform 
t o  s t r a i n  by d i v i d i n g  by t h e  o r i g i n a l  t h i ckness  o f  t h e  f l a t  samples. 

RESULTS AND DISCUSSION 

t es ted ,  a PSOC-791 sample w i t h  72.75% C on a dmnf bas i s  and a PSOC-312 sample w i t h  
78.33% C. I t  must be remembered t h a t ,  s i n c e  t h e  scanning speed i s  10"C/min, t h e  
same p l o t s  represent  t h e  deformat ion,  as des ignated by t h e  s t r a i n ,  as a f u n c t i o n  o f  
temperature. 

A l l  curves show an e a r l y  i n d u c t i o n  p e r i o d  which l a s t s  f o r  app rox ima te l y  5-10 
minutes o r  50-100 " C  and i s  c h d r a c t e r i s t i c  o f  t h e  ve ry  slow compressive creep o f  
h i g h l y  g lassy  polymer ic  m a t e r i a l s .  
va lues o f  Tg i n  t h e  range o f  300-350°C, much h ighe r  than  t h e  temperatures a t  t h e  
beginning o f  these experiments. 
t h e  experiment, corresponding t o  temperatures o f  215°C t o  285OC, a p la teau  i s  
observed i n  t h e  s t r a i n  versus t ime  behavior. Fu r the r  temperature i nc rease  1 eads 
t o  considerable i nc rease  o f  t h e  s t r a i n  probably  due, e i t h e r  t o  y i e l d i n g  o f  t h e  
macromolecular coa l  s t r u c t u r e  a t  temperatures where enough m o b i l i t y  o f  t h e  macro- 
mo lecu la r  chains has been a t t a i n e d ,  o r  t o  thermal degradat ion a t  these temperatures. 
However, t he  second exp lana t ion  i s  p robab ly  n o t  v a l i d  s ince  thermograv imetr ic  

They were t e s t e d  i n  a thermo- 

E A l l  samples were t e s t e d  under t h e  a p p l i c a t i o n  o f  loads of 10, 20, 30 

F igures 2 and 3 present  t h e  s t r a i n  versus t ime  curves f o r  two o f  t h e  samples 

Indeed f o r  these c o a l s  we have determined [ll] 

A f t e r  about 18 t o  25 minutes f rom t h e  beg inn ing  o f  

.os25 

t .0225 

.OI50 

TIME ( M I N I  

Figure 2: 
PSOC-791 (72.75% C, dmmf bas i s ) .  
(O), 0.316 (0 ) ,  0.47 ( A )  and 0.632 (0) MPa. 

Compressive s t r a i n  as a f u n c t i o n  of t ime  f o r  f l a t  coa l  samples o f  
The r e s u l t s  a r e  f o r  a p p l i e d  s t resses  o f  0.158 
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F igure 3 :  
312 (78.33% C). 
MPa. 

a n a l y s i s  exper iments under t h e  same scanning speed u s i n g  a thermograv imet r ic  analyzer 
(TGS-2, Perk in  Elmer, Norwalk, Conn.) showed l i t t l e  measurable we igh t  change o f  t he  

Indeed, 
as the  s t r e s s  increases, t h e  s t r a i n  i s  h i g h e r  and t h e  p o i n t  o f  d e v i a t i o n  f rom the  

t y p i c a l  o f  s i m i l a r  behav io r  i n  polymer networks.  
F i n a l l y ,  comparison o f  t h e  d a t a  o f  F igures  2 and 3 a t  t h e  same s t ress  shows 

t h a t  f o r  t he  coa l  samples w i t h  t h e  lower  carbon conten t ,  a t  t h e  same scanning t ime 
t h e  s t r a i n  i s  much h i g h e r  than t h a t  o f  t h e  samples w i t h  h i g h e r  carbon conten t .  This 
i S  a c l e a r  i n d i c a t i o n  t h a t  PSOC-791 i s  l e s s  c r o s s l i n k e d  than PSOC-312,-a n o t i o n  
which i s  c l e a r l y  supported by o u r  r e c e n t  d a t a  on t h e  d e t e r m i n a t i o n  o f  M o f  these 
and o t h e r  coa ls  [12]. Samples PSOC-402 ( w i t h  82.48% C) and PSOC-989 ( w h h  88.81% C) 
were t e s t e d  n o t  o n l y  a t  these s t r e s s e s  b u t  a l s o  a t  0.790 and 0.948 MPa. I n  no 
cases was any de format ion  observed, an o b s e r v a t i o n  c h a r a c t e r i s t i c  o f  v e r y  h i g h l y  
c r o s s l i n k e d  s t r u c t u r e s .  

when a p p l i e d  t o  creep data,  suggests t h a t  t h e  creep compliance i s  l o g a r i t h m i c a l l y  
dependent on t i m e  accord ing  t o  equat ion  ( 1 ) .  

Compressive strai ! !  as a f u n c t i o n  o f  t ime  f o r  f l a t  coal  samples o f  PSOC- 
The r e s u l t s  a r e  f o r  a p p l i e d  s t resses  o f  0.474 (0) and 0.632 ( 0 )  

coal  samples up t o  250°C. 

o r i g i n a l  p l a t e a u  i s  a t  lower  temperatures ( o r  t i m e s ) ,  which i s  c h a r a c t e r i s t i c  and 

f 
F igure  2 shows a l s o  t h e  general  dependence o f  t h e  s t r a i n  on s t ress .  

I 

I 

F u r t h e r  a n a l y s i s  of these d a t a  was achieved by u s i n g  t h e  N u t t i n g  theory ,  which 

J = g t n  

Here J i s  the  coa l  s t r u c t u r e  compliance, which i s  c a l c u l a t e d  f rom t h e  prev ious  graphs 
by d i v i d i n g  t h e  s t r a i n  by  t h e  a p p l i e d  s t ress ,  t i s  t h e  c reep t i m e  and g and n are  
two constants c h a r a c t e r i s t i c  o f  t h e  coa l  s t ruc tu re .  

e a r l i e r .  Al though one would expec t  a l i n e a r  r e l a t i o n s h i p  between these two para- 
meters t h e r e  a r e  some i m p o r t a n t  d e v i a t i o n s .  For example, t h e  i n i t i a l  p o r t i o n  o f  
t h e  graph, c h a r a c t e r i s t i c  o f  t h e  s l o w l y  changing i n d u c t i o n  p e r i o d  c o u l d  n o t  be 
represented by t h e  N u t t i n g  equat ion ,  because o f  t h e  h i g h l y  " f r o z e n "  s t r u c t u r e  o f  
t h e  macromolecular network o f  coa l .  The reg ion  between I n  t o f  2 and 3.2 can be 
reasonably represented by s t r a i g h t  l i n e s ,  which i n  accordance w i t h  N u t t i n g ' s  
equat ion,  a re  p a r a l l e l  f o r  d i f f e r e n t  s t resses .  f 

t h e  i n s i g n i f i c a n t  e f f e c t  o f  t h e  scanning speed r a t e  on t h e  s t r a i n - t i m e  behavior.  
The Same f i g u r e  shows t h a t  a cont inuous  inc rease o f  t h e  s t r a i n  i s  observed even 

F igure  4 shows a p l o t  o f  I n  J versus I n  t f o r  t h e  samples o f  PSOC-791 p l o t t e d  

I ,  

A n . i n t e r e s t i n g  aspec t  o f  these s t u d i e s  i s  a l s o  shown i n  F i g u r e  5 which presents 
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~ F igure  5: E f f e c t  o f  scanning speed on t h e  s t r a i n - t i m e  curve. Resu l ts  f o r  coal  

: CONCLUSIONS 

PSOC-418 (69.95% C)  w i t h  2.5 (O), 5(0 ) ,  10 ( A )  and 20 ( 0 )  "C/min. 

I These r e s u l t s  f u r t h e r  suppor t  t he  idea o f  a h i g h l y  c ross1 inked, macromolecular 
coa l  network [l], and a r e  i n d i c a t i v e  o f  t h e  d i f f i c u l t y  by which t h e  thermal degra- 
d a t i o n  occurs.  

I 
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THE MOLECULAR WEIGHT BETWEEN CROSSLINKS OF SELECTED AMERICAN COALS 
1 2 

Lucy M. Lucht  and Niko laos A. Peppas 

School o f  Chemical Engineer ing 
Purdue U n i v e r s i t y  

West Lafayette, I nd iana  47907 

INTRODUCTION 

t h a t  t h e  organic  p o r t i o n  of bituminous coa ls  can be considered as a "Cross l inked 
polymer" ( s i c ) .  
have developed mathematical,  t o p o l o g i c a l ,  and physicochemical models which desc r ibe  
network s t r u c t u r e  o f  coa ls  by accurate and p h y s i c a l l y  complete t h e o r i e s .  

Lucht and Peppas (1981a) proposed t h a t  t h e  o rgan ic  phase o f  coa l  c o n s i s t s  o f  a 
c ross l i nked  macromolecular s t r u c t u r e  which does n o t  d i s s o l v e  a t  l ow  temperatures 
unless r e a c t i o n  and degradat ion occur; and o f  a p o r t i o n  o f  uncross1 inked macromole- 
c u l a r  chains o f  predominate ly  a l i p h a t i c  character ,  which can be e x t r a c t e d  a t  low o r  
moderate temperatures i f  an approp r ia te  so l ven t  i s  used. 
molecules may be m a t e r i a l  from t h e  o r i g i n a l  ma t te r  formed d u r i n g  d iagenesis ,  o r  
p a r t i a l l y  degraded chains t h a t  were formed through depplymer izat ion r e a c t i o n s  d u r i n g  
t h e  development o f  coal .  F igure 1 shows a s i m p l i f i e d  d e s c r i p t i o n  o f  t h e  o rgan ic  
phase accord ing t o  Lucht  and Peppas. The same scheme inc ludes  not o n l y  i d e a l  
chemical c r o s s l i n k s  (A,B) bu t  a l s o  unreacted f u n c t i o n a l i t i e s  (C), cha in  ends ( D ) ,  
and va r ious  defects o f  t h e  macromolecular s t r u c t u r e  such as l oops  ( F )  and phys i ca l  
c r o s s l i n k s  (E), known as entanglements. 
i s  h i g h l y  entangled, t h a t  i s  t h e  chains a r e  r i g i d  and have l i m i t e d  m o b i l i t y .  
t hey  a re  u n l i k e l y  t o  d i sen tang le  when st ressed o r  swelled. Chemical c r o s s l i n k s  a r e  
formed by chemical r e a c t i o n  o f  two or more chains t o  y i e l d  a m u l t i f u n c t i o n a l  cross-  
l i n k .  

The chemical na tu re  o f  t h e  c o r s s l i n k s  found i n  coa l  has n o t  been adequately 
determined. I n  t h e  development o f  mathematical models t o  desc r ibe  t h e  behavior  o f  
t he  network, c r o s s l i n k s  a re  assumed-to be p o i n t s  o r  s h o r t  b r i dges  w i t h  a molecular  
weight much smal ler  than Hc. 
molecular  weight  between c r o s s l i n k s  o f  t h e  coa l  s t r u c t u r e .  
t h e  degree o f  c r o s s l i n k i n g  decreases. 

f o r  s t a t i s t i c a l  ana lys i s ,  Lucht  and Peppas (1981b) proposed a c r o s s l i n k e d  coa l  
s t r u c t u r e ,  where t h e  c r o s s l i n k s  a re  bonding reg ions  s i m i l a r  t o  groups proposed by 
Wiser (1977) (see F igu re  2). 
connecting bonds. 
o c y c l i c  r i n g s  fused together ,  whereas t h e  connect ing bonds 
as -0-, -S-S- and -CH2-. 
l a r g e  p o r t i o n  of  t h e  coa l  do n o t  e x h i b i t  a repea t ing  u n i t ,  as de f i ned  i n  convent ional  
polymers. Thus, coal  does n o t  have a "polymer s t r u c t u r e "  b u t  a macnomolecuRatl 

has c rea ted  some confusion, n o t  o n l y  among coa l  s c i e n t i s t s ,  who t r y  t o  analyze t h e  
c ross l i nked  s t r u c t u r e ,  b u t  a l s o  among polymer s c i e n t i s t s ,  who t r y  t o  apply  s t a t i s t i c a l  
mechanical t heo r ies .  A h y p o t h e t i c a l  repea t ing  u n i t  may be de f i ned ,  s o l e l y  f o r  
purposes o f  a p p l i c a t i o n  of t o p o l o g i c a l ,  s t a t i s t i c a l  mechanical,  and s w e l l i n g  theor ies,  
f o r  t h e  de te rm ina t ion  o f  9. 

Experimental techniques which support t h e  ex i s tence  o f  a c r o s s l i n k e d  s t r u c t u r e  
are based on e x t r a c t i o n  and s w e l l i n g  O f  t h e  coal  sample o r  coa l  m a t r i x  wi th thermo- 
dynamical ly  "good" so l ven ts  such as p y r i d i n e  and e thy lene  diamine, and thermodynamically 
1. Present address: 
2. Corresponding author .  

Van Krevelen (1961) and Sanada and Honda (1966, 1967) were t h e  f i r s t  t o  propose 

Since then, Larsen and Kovac (1978), and Lucht  and Peppas (1981a) 

These unc ross l i nked  

Physica l  c r o s s l i n k s  occu r  because t h e  system 
Hence, 

Here M, r e f e r s  t o  t h e  s t a t i s t i c a l  number average 
Obviously, as 9 increases 

To f u r t h e r  s i m p l i f y  t h e  macromolecular s t r u c t u r e  i n  o r d e r  t o  make i t  t r a c t a b l e  

Each chain cons is t s  o f  groups o f  aromat ic  c l u s t e r s  and 
The c l u s t e r  may be a s t r u c t u r e  o f  two o r  more aromat ic  o r  he te r -  

In  a d d i t i o n ,  t h e  macromolecular cha ins  which c o n s t i t u t e  a 
a r e  s imple groups such 

6&UCtwL'2. 
The un fo r tu rna te  use o f  t h e  t e r n  "po lymer ic  s t r u c t u r e "  by Van Krevelen (1961), 

Lawrence Livermore Laboratory, P.O. Box 808, Livermore, CA 94550. 
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Figure 1 .  Simplified Representation o f  the Crosslinked Structure of Coal Including 
Possible Defects. : Chains participating in network structure; - - - - *  . extractable 
(unreacted o r  d e g r a m  chains; 0: crosslinks ( junct ions) ;  0 :  molecules of swelling 
agent; 9: molecular weight between crosslinks; A:  tetrafunctional crosslink; B :  multi- 
functional cross1 ink; C: unreacted functionalites; D:  chain end; E :  entanglement; F: 
chain loop; G .  effective network chain; H: mesh size. 

' 

P 

, 

Figure 2.  Proposed Crosslinked Structure in Coals According t o  Lucht and Peppas 
(1 981 ). 
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"Poor" Solvents such as methanol, benzene, e thanol ,  e t c .  Most o f  t h e  s tud ies  have 
been performed us ing e i t h e r  Soxhlet  e x t r a c t i o n ,  o r  s imple o r  s o p h i s t i c a t e d  dynamic 
s w e l l i n g  experiments. The term "so l ven t "  i s  used here i n te rchangeab ly  t o  descr ibe 
l i q u i d s  which d i sso l ve  coal ,  and a l s o  l i q u i d s  which swel l  i t  o r  r e a c t  w i t h  it. 

phase of  coal i n  terms o f  parameters o f  t h e  c r o s s l i n k e d  s t r u c t u r e .  

EXPERIMENTAL PART 

Coal samples which had been ground t o  an average p a r t i c l e  s i z e  o f  20-30 mesh 
(600-850 um) and packed under n i t r o g e n  were fu rn i shed  by t h e  coa l  bank o f  Pennsylvania 
S ta te  Un ive rs i t y .  

E x t r a c t i o n  was used t o  separate t h e  coa l  m a t r i x  f rom m a t e r i a l  which i s  f r e e  o r  
l o o s e l y  he ld i n  the  i n t e r s t i c e s .  
mesh p a r t i c l e  s i z e  and approx imate ly  3 g. was weighed t o  5 0.0001 g, and e x t r a c t e d  i n  
a Soxhlet  apparatus u s i n g  p y r i d i n e  ( A l d r i c h )  under n i t r o g e n  a t  115.5"C. 
s o l u t i o n  was rep laced every one t o  f o u r  days w i t h  f r e s h  p y r i d i n e  u n t i l  t h e  e x t r a c t  
s o l u t i o n  appeared t o  be pure p y r i d i n e  ( u s u a l l y  one t o  e i g h t  weeks). The ex t rac ted  
res idue was d r i e d  t o  cons tan t  weight  under vacuum a t  ca 60°C and ea 0.93 MPa under 
f l o w i n g  n i t rogen .  

e q u i l i b r i u m  volume f r a c t i o n  o f  coal  i n  a so lvent-swel led system a t  a s p e c i f i e d  
s w e l l i n g  temperature. Data were c o l l e c t e d  v i a  g r a v i m e t r i c  s o r p t i o n  s tud ies .  Samples 
were d r i e d  a t  60" t o  80°C under f l o w i n g  n i t r o g e n  a t  s l i g h t l y  g r e a t e r  than atmospheric 
pressure f o r  a t  l e a s t  24 hours t o  remove f r e e  su r face  water. Preweighed samples were 
exposed t o  an environment sa tu ra ted  w i t h  vapors o f  p y r i d i n e  i n  dess i ca to rs  a t  s p e c i f i e d  
temperatures, maintained constant  e i t h e r  w i t h  a water  ba th  o r  w i t h  a convect ion oven. 
The t ime  requ i red  f o r  s w e l l i n g  e q u i l i b r i u m  was between 5-12 weeks. A t  t h e  end o f  t he  
s w e l l i n g  per iod,  t h e  samples were removed and reweighed. 

RESULTS AND DISCUSSION 

E q u i l i b r i u m  s w e l l i n g  s tud ies  p rov ide  t h e  f i n a l  va lues o f  t h e  e q u i l i b r i u m  volume 
f r a c t i o n  o f  coal i n  a so l ven t -  swel led system, u2, a t  a s p e c i f i e d  s w e l l i n g  temperature. 
The degree o f  swe l l i ng ,  Q = l / u 2 ,  i s  an i n d i c a t o r  o f  b o t h  so l ven t / coa l  thermodynamic 
i n t e r a c t i o n s  and o f  t h e  physicochemical s t r u c t u r e s  o f  coa l .  It can be used i n  any  
Gaussian o r  mod i f i ed  Gaussian network equat ion such as equat ion (1) t o  determine M, 
and o t h e r  c r o s s l i n k i n g  parameters. 
f avo rab le  thermodyna_mic i n t e r a c t i o n s  w i t h  a so l ven t  f o r  i q u e f a c t i o n  purposes. 

Here we present recen t  experimental r e s u l t s  which c h a r a c t e r i z e  t h e  organic  

I n  a t y p i c a l  e x t r a c t i o n ,  a coa l  sample o f  20-30 

The e x t r a c t  

Equ i l i b r i um s w e l l i n g  s tud ies  were conducted t o  p rov ide  t h e  f i n a l  values o f  t h e  

I n  a d d i t i o n ,  r e s u l t s  can be used t o  q u a n t i f y  

2 1.  
+ n ( l  - u2) + u2 t xu ][I - 1 u2/31 2 N 2  

Here, Ec i s  t h e  number average molecular  weight  between c r o s s l i n k s ;  
volume o f  t h e  macromolecule; V i s  t h e  molar  volume o f  t h e  s w e l l i n g  agent; u2 i s  t h e  
volume f r a c t i o n  o f  t h e  macromolecule i n  t h e  swol len system; x i s  t h e  Flory-Huggins 
thermodynamic i n t e r a c t i o n  parameter; and N i s  t h e  number o f  bond vec to rs  i n  a s i n g l e  
chain, .given by equat ion ( 2 )  where M r  i s  t h e  m l e c u l a r  weight  o f  t h e  c h a r a c t e r i s t i c  
repeat ing u n i t .  - 

M- 

i s  t h e  s p e c i f i c  

Equation (1 )  was developed s p e c i f i c a l l y  f o r  a p p l i c a t i o n  t o  t h e  e q u i l i b r i u m  
so lven t  s w e l l i n g  o f  coa ls .  
so lvent-swel led coa ls  by l i m i t i n g  t h e  e x t e n s i b i l i t y  o f  t h e  i n d i v i d u a l  chain.  I t  i s  
therefore more approp r ia te  f o r  de te rm ina t ion  o f  t h e  molecular  weight  between cross-  
l i n k s ,  9, v i a  so l ven t -swe l l i ng  s tud ies,  than t h e  Flory-Rehner equat ion,  which assumes 
t h a t  t h e  end-to-end d i s tance  between cha in  ends i s  much l e s s  than t h e  contour  l e n g t h  
of  t he  chain and thus a l l o w s  a cha in  t o  be i n f i n i t e l y  ex tens ib le .  

It must be noted t h a t  i n  our  proposed model (F igu re  2), a repea t ing  u n i t  cons i s t s  

Th is  approach accounts f o r  t h e  f i n i t e  expansion o f  
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o f  a c l u s t e r  and a connect ing bond. Th is  i s  a reasonable assumption i n  view o f  the 
comparat ive ly  small  s i z e  o f  t h e  connect ing bond ( u s u a l l y  -CH2-, -S-S-, o r  -0-) w i t h  
respect  t o  the  c l u s t e r  s i ze .  The molecular  weight  o f  a repea t ing  u n i t  i s  about 130 
f o r  l i g n i t e s ,  170 f o r  b i tuminous coa ls  up t o  86%C (drrmf), and 370 f o r  coa ls  w i t h  a 
h igher  carbon content .  

so lvents  which causes s i g n i f i c a n t  s w e l l i n g  i n  a l l  bu t  t h e  h ighes t  rank coa ls ;  some 
researchers (e.g., Marzec e,t d., 1979) b e l i e v e  t h a t  p y r i d i n e  has a s t ronger  i n t e r -  
a c t i o n  w i t h  coal  than t h e  e x t r a c t a b l e s  and t h a t  p y r i d i n e  may be a b l e  t o  dest roy 
hydrogen-bonding i n  t h e  coal  s t r u c t u r e .  

F igure 3 i s  a t y p i c a l  graph o f  r e s u l t s  showing t h e  dependence o f  t h e  degree of 
swel l ing,  Q, co r rec ted  f o r  m ine ra l  ma t te r  on carbon con ten t  (on a dmmf b a s i s ) .  
was assumed t h a t  t h e  o rgan jc  vapor does n o t  swel l  c l a y s  o r  meta ls  t o  a s i g n i f i c i a n t  
degree, so t h e i r  weight was sub t rac ted  f rom t h e  t o t a l .  P y r i d i n e  vapor s w e l l i n g  was 
conducted a t  35.0 t 0.5"C f o r  60 days t o  s w e l l i n g  e q u i l i b r i u m  and compared w i t h  the  
da ta  obtained, as aesc r ibed  above, over 51 days a t  60 t 0.5"C. 
i s  s i g n i f i c a n t l y  g rea te r  a t  60°C than a t  35"C, a l t houg l i  t h e  shapes o f  t h e  curves are 
s i m i l a r .  A t  35"C, the  degree o f  s w e l l i n g  i s  constant  a t  Q = 1.8-2.0 from ca 70%C and 
up t o  approx imate ly  86%C, d ropp ing  as i n  t h e  h ighe r  temperature case t o  Q = 1.1 a t  91%C. 

Experimental data were a l s o  obta ined which show t h e  e f f e c t  o f  p y r i d i n e  p re t rea t -  
mew& on t h e  sc!vent vapor s w e l l i n g  o f  coa ls .  
was performed a t  60 t 0.5"C f o r  51 days and these data a r e  shown i n  F igu re  4. 
shape o f  t h e  cu rve  is s i m i l a r  t o  t h a t  o f  t h e  unex t rac ted  c o a l s  swel led by p y r i d i n e  as 
shown i n  F igure 3, a l though t h e  magnitude o f  t h e  degree o f  s w e l l i n g  i n  t h e  p y r i d i n e  
e x t r a c t e d  coa ls  ove r  t h e  carbon con ten t  range o f  69.94 t o  82.48%C (dmmf) i s  somewhat 
lower  than f o r  t h e  unext racted coa ls ,  rang ing  from Q = 2.2 t o  2.5 f o r  t h e  p y r i d i n e  
ex t rac ted  coal  samples as compared t o  Q = 2.5 t o  2.8 f o r  t h e  un t rea ted  coal  samples. 

ANALYSIS 
The mod i f i ed  Gaussian network equat ion ( 1 )  can be a p p l i e d  o n l y  t o  t h e  r e s u l t s  o f  

swe l l i ng  o f  coal networks which a r e  f r e e  o f  unc ross l i nked  m a t e r i a l ,  i .e., ex t rac tab le  
ma te r ia l .  Thus, o n l y  t h e  r e s u l t s  from t h e  e q u i l i b r i u m  s w e l l i n g  o f  py r id ine -ex t rac ted  
coa l  samples were used i n  t h e  de te rm ina t ion  o f  t h e  molecular  weight  between c ross l i nks .  

I n  t h e  de te rm ina t ion  o f  t h e  mo lecu la r  weight  between c r o s s l i n k s ,  t h e  volume 
f r a c t i o n  o f  coal  i n  t h e  p y r i d i n e  swol len system, u2 = 1/Q, was c a l c u l a t e  on a mineral 
ma t te r  f ree  basis, assuming t h a t  pores wi th  d iameter  o f  g r e a t e r  than 50 f conta ined 
condensed so l ven t  o n l y  which d i d  n o t  c o n t r i b u t e  t o  swe l l i ng .  The values o f  these pore 
volumes were determined by mercury porosimetry. 

The average values o f  t h e  mo lecu la r  weight  o f  a h y p o t h e t i c a l  repea t ing  u n i t  o f  
coal  were taken t o  be 130 f o r  l i g n i t e  o r  sub-bituminous coal  samples, 170 f o r  
bituminous coal  samples w i t h  carbon con ten ts  up t o  ca 86%C (dmmf), and 370 f o r  a l l  
coa l  samples o f  rank g r e a t e r  than medium v o l a t i l e  bituminous up t o  semi-anthrac i te  
samples. 
aromatic/hydroaromatic c l u s t e r s  and t h e i r  cross1 i n k s .  

contents  o f  75.9, 82.4, and 88.2ZC (dmnf) were determined by t h e  Hildebrand-Skatchard 
regu la r  s o l u t i o n  theo ry  f rom t h e  s o l u b i l i t y  parameters determined by K i r o v  ct at . ,  
(1967). 
a t  25"C, w h i l e  t h e  e q u i l i b r i u m  s w e l l i n g  experiments o f  our  work were c a r r i e d  out  a t  
35, 60 and 80°C. 
f o r  d i f f e r e n t  temperatures i n  t h e  f o l l o w i n g  way. 

on carbon content  i s  shown i n  F igure 5 w h i l e  t h e  dependence o f  t he  e f f e c t i v e  molecular  
weight  between c ross l i nks ,  5. on carbon con ten t  i s  shown i n  F igu re  6. Resul ts  from 
e q u i l i b r i u m , s w e l l i n g  by p y r i d i n e  vapor a t  35°C o f  p y r i d i n e  ex t rac ted  c o a l s  were used 
i n  t h e  a p p l i c a t i o n  o f  equat ion ( 1 ) .  

The number of  repea t ing  u n i t s  between c r o s s l i n k s  i s  r e l a t i v e l y  constant ,  ranging 
from N = 7.0 t o  8.5, over  t h e  carbon content  range o f  69.96 t o  82.48%C (dmmf). A t  a 
carbon con ten t  o f  86.01%C (dmnf), t h e  va lue o f  N drops t o  4.6 and cont inues t o  dec l i ne  

Py r id ine  was used as t h e  probe f o r  most experiments because i t  i s  one o f  t he  few 

It 

The degree -o f  swel l ing 

E q u i l i b r i u m  s w e l l i n g  o f  these-samples 
The 

These va lues were determined from t h e  present  view o f  t h e  s i z e  o f  t h e  

The values o f  t he  thermodynamic i n t e r a c t i o n  parameter, X, f o r  coa ls  w i t h  carbon 

The va lues o f  t h e  s o l u b i l i t y  parameter repo r ted  i n  t h a t  s tudy were determined 

Therefore, c o r r e c t i o n s  i n  t h e  s o l u b i l i t y  parameter va lues were made 

The dependence o f  t h e  e f f e c t i v e  number o f  repea t ing  u n i t s  between c ross l i nks ,  N, 
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Figure 3. Equilibrium Swelling by Pyridine Vapor of 20-30 mesh, Untreated Coal 
Particles. ( n ) 60°C; ( 0 )  35°C. 
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Figure 4. Equilibrium Swelling by Pyridine Vapor o f  20-30 mesh, Pyridine-Extracted 
Coal Particles at 60°C. 
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Figure 5. Dependence o f  Number o f  Repeating Units Between Crosslinks on Carbon Content 
o f  Coal Sample. 

PERCENT CARBON CONTENT.(DMMF) 

Figure 6. Dependence o f  Molecular Weight Between Crosslinks on Carbon Content o f  
Coal SarnDle. 



t o  a va lue o f  2.2 a t  a carbon con ten t  o f  91.54%C ( d m f ) .  
Nelson (1983) obta ined so l ven t  uptake data f o r  methanol vapor i n t o  coal over  a 

range o f  a c t i v i t i e s  of methanol and then a p p l i e d  m o d i f i c a t i o n  and rearrangements of  
t he  Flory-Rehner network s w e l l i n g  equat ion and o f  t h e  mod i f i ed  Gaussian network 
equat ion (1)  t o  these r e s u l t s .  The m o d i f i c a t i o n  he made was t o  assume t h a t  t h e  swol len 
coal  system was i n f i n i t e l y  d i l u t e  i n  coa l ,  and thus t h e  volume f r a c t i o n  of so l ven t  
c o u l d  be approximated as t h e  a c t i v i t y  o f  t h e  so l ven t .  
approximation as the  volume f r a c t i o n  o f  coal  i n  a methanol swel led coa l  system i s  on 
t h e  o rde r  o f  0.7. He a l s o  assumed i n  h i s  de te rm ina t ion  o f  t he  molecular  weight  
between c r o s s l i n k s  t h a t  t h e  number o f  repea t ing  u n i t s  between c r o s s l i n k s  was about 7. 
Th i s  defeats  t h e  purpose of  t h e  modi f ied Gaussian equation, which i s  t o  e l u c i d a t e  t h e  
e f f e c t i v e  f l e x i b i l i t y  o r  number o f  repea t ing  u n i t s  between c r o s s l i n k s .  It i s  t h e  
s i z e  o f  t he  repeat ing u n i t  which must be known o r  est imated. 
molecular  weight between c r o s s l i n k s  determined by Nelson f o r  s w e l l i n g  by methanol were 
ca 70 and ca 120, us ing  t h e  Flory-Rehner and mod i f i ed  Gaussian equations, r e s p e c t i v e l y .  

E q u i l i b r i u m  swe l l i ng  r e s u l t s  o f  p y r i d i n e  e x t r a c t e d  coa ls  i n  p y r i d i n e  l i q u i d  a t  
room temperature were obta ined by K i rov  et d. (1967). The research group of  Sanada 
and Honda (1966) performed e q u i l i b r i u m  s w e l l i n g  o f  p y r i d i n e  e x t r a c t e d  coals  w i t h  
p y r i d i n e  vapor a t  room temperature. Both groups used t h e i r  data i n  t h e  Flory-Rehner 
Gaussian equation. The r e s u l t s  have been r e c a l c u l a t e d  (Larsen and Kovac, 1978; Lucht 
and Peppas, 1981a) t o  c o r r e c t  some e r r o r s  i n  t h e  i n i t i a l  work o f  Sanada and Honda 
and t o  conver t  the va lues o f  volume between c r o s s l i n k s  determined by K i rov  et d. t o  
t h e  more commonly used molecular  weight between c r o s s l i n k s .  

and 940 f o r  coa ls  w i t h  carbon con ten t  o f  75.9, 82.4 and 88.2%C ( d a f ) .  
o f  t h e  values Mc are approx imate ly  t w i c e  t h o s e ' o f  ou r  values, which cou ld  r e s u l t  from 
an apparent h igh  degree o f  s w e l l i n g  due t o  so l ven t  between p a r t i c l e s  i n  t h e  l i q u i d  

and Honda range from iC equal t o  zero ( a  l a r g e  nega t i ve  number) t o  about 15,000, 
a l though many o f  t h e i r  values o f  hic range from 700 t o  2000. 
o f  
obta ined from t h e  r e s u l t s  o f  osmotic pressure da ta  f o r  p y r i d i n e  ex t rac tab les  o f  
Wynne-Jones e& d. (1952). 
t h e  va lue o f  Mc w i l l  a l s o  i nc rease  u n t i l  x reaches a c e r t a i n  c r i t i c a l  value, beyond 
which t h e  Gaussian and t h e  mod i f i ed  Gaussian equat ions p r e d i c t  a nega t i ve  molecular  
weight  between c ross l i nks .  
h i g h  degree o f  s w e l l i n g  and unfavorable i n t e r a c t i o n  between a so l ven t  and t h e  macro- 
molecule being swelled. 
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' Th is  i s  obv ious l y  an i n v a l i d  

\ 

The va lues o f  t h e  

The values o f  determined by us from the  data o f  K i rov  et d. a r e  2595, 2100 
The magnitude 

' e q u i l i b r i u m  s w e l l i n g  rocedure used. Our co r rec ted  r e s u l t s  o f  the da ta  o f  Sanada 

, The unreasonable va lues 
r e s u l t  from t h e  va lues they  used o f  t h e  thermodynamic i n t e r a c t i o n  parameter, X ,  

When t h e  va lue o f  x increases f o r  a g i ven  s e t  o f  cond i t i ons ,  

Rephrased, i t  i s  imposs ib le  t o  have s imul taneously  a 
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INTRODUCTION 

Mayo r e p o r t e d ( l , 2 , 3 )  e f f o r t s  t o  b r e a k  c r o s s - l i n k s  i n  c o a l  under  mi ld  c o n d i t i o n s ,  
by t r e a t i n g  a t o l u e n e  i n s o l u b l e ,  p y r i d i n e  s o l u b l e  (TIPS) f r a c t i o n  of I l l i n o i s  No.6 
c o a l  w i t h  p y r i d i n e  h y d r i o d i d e  (Py-HI) i n  p y r i d i n e ,  a t  room t empera tu re ,  f o r  s i x  days.  
The hydroxy l  c o n t e n t  o f  t h e  p roduc t  i n c r e a s e d ,  t h e  molecu la r  we igh t  (VP0,GPC) 
dec reased  and i o d i n e  was i n c o r p o r a t e d .  L i th ium i o d i d e  i n  p y r i d i n e  showed a s i m i l a r  
e f f e c t .  Treatment  of TIPS w i t h  sodium i n  l i q u i d  ammonia quenched by N H  C 1  a l s o  in-  
c r e a s e d  t h e  hydroxy l  c o n t e n t  b u t  t h e  d e c r e a s e  i n  molecu la r  weight  was l e s s  t han  with 
Py-HI. 
mo lecu la r  we igh t .  The s u g g e s t i o n  i s  t h a t  t h e s e  r e a g e n t s  a r e  c l e a v i n g  similar, if. not  
i d e n t i c a l ,  f u n c t i o n a l  g roups  i n  c o a l .  

4 

Treatment  o f  t h e  sodium/ammonia p r o d u c t s  w i t h  Py-HI f u r t h e r  reduced t h e  

- 
Sodium i n  l i q u i d  ammonia c l e a v e s  e t h e r s  i n  c o a 1 ( 4 , 5 ) ,  most l i k e l y  d i a r y 1  o r  

a r y l - b e n z y l  b u t  n o t  a l k y l - a r y l  or  d i a l k y l  e t h e r s ,  by a r a d i c a l  a n i o n  mechanism.(6) 

T h i s  s t u d y  w a s  unde r t aken  t o  de te rmine  i f  e t h e r  o r  e s t e r  g roups  of t y p e s  which 
may b e  p r e s e n t  i n  c o a l  are c l e a v e d  by Py-HI o r  L i I  i n  p y r i d i n e ,  a t  moderate  tempera- 
t u r e s ,  t o  produce pheno l s .  Py-HBr(7) c l e a v e s  a lky l -naph thy l  e t h e r s  above 230°, bu t  
low t empera tu re  c l e a v a g e  r e a c t i o n s  w i t h  Py-HI have n o t  been r e p o r t e d .  
deme thy la t e s  2-methoxynaphthalene i n  r e f l u x i n g  c o l l i d i n e  (172 ' ) . (8)  

L i th ium iod ide  

Mono-functional e t h e r s  o r  e s t e r s  t r e a t e d  w i t h  Py-HI o r  L i I  i n  t h e  p re sence  and 
absence  o f  c o a l  f r a c t i o n s ,  s o l v e n t s ,  s u l f i d e s  and r a d i c a l  s o u r c e s  a r e  u n r e a c t i v e  a t  
low t empera tu res  b u t  a lkoxy g roups  o r t h o  t o  a n  a r o m a t i c  c a r b o x y l  group a r e  c l eaved .  

EXPERIMENTAL 

P y r i d i n e  hydr iod ide  was p r e p a r e d  i n  78% y i e l d  by p a s s i n g  H I  gas  i n t o  a dry 
t o l u e n e  s o l u t i o n  o f  p y r i d i n e  and r e c r y s t a l l i z i n g  t h e  s o l i d  p roduc t  from methanol .  
The fo l lowing  compounds were s y n t h e s i z e d  by s t a n d a r d  methods and have p h y s i c a l  
c o n s t a n t s  i n  agreement w i t h  l i t e r a t u r e  v a l u e s :  Benzyl  pheny l  e t h e r  ( I ) ,  2-naphthyl- 
methyl-2-naphthyl  e t h e r  (11)  , I-naplithylmethyl-1-naphthyl e t h e r  (111) , c y c l o h e x y l  
pheny l  e t h e r  ( IV),  pheny l  p h e n e t h y l  e t h e r  (V), and  1-naphthyl  benzoa te  (VI ) .  Other 
model compounds w e r e  r e a g e n t  g rade  commercial  p r o d u c t s ,  checked f o r  p u r i t y  by HPLC 
and NMR, and used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  

P y r i d i n e  was d i s t i l l e d  from ba r ium ox ide  under  n i t r o g e n  b e f o r e  u s e .  Reac t ions  
were u s u a l l y  conducted on a . l - 10  mmole s c a l e  (.02-.3M), under  n i t r o g e n .  P roduc t s  
were i s o l a t e d  from p y r i d i n e  s o l u t i o n s  by quenching w i t h  aqueous a c i d  fo l lowed  by ex- 
t r a c t i o n  a n d  q u a n t i t a t i v e  a n a l y s i s  u s i n g  e i t h e r  g a s  chromatography (12% FFAP column) 
o r  HPLC (C 
d u c i b l e  wi1h.n +3% a b s o l u t e .  
Penn S t a t e  Coa l  Data Bank were i s o l a t e d  by t h e  methods of Mayo. 
which e t h e r s  and Py-HI were mixed w i t h  c o a l  f r a c t i o n s ,  an a s p i r a t o r  vacuum was a p p l i e d  
and broken w i t h  n i t r o g e n  s e v e r a l  t i m e s  t o  speed  up t h e  s w e l l i n g  o r  d i s s o l u t i o n  of t h e  
f r a c t i o n  and d i f f u s i o n  o f  r e a g e n t s  i n t o  t h e  c o a l  network.  

REACTIONS WITHOUT SOLVENT 

r e v e r s e  phase column).  The r e p o r t e d  y i e l d s  (or r e c o v e r i e s )  a r e  repro-  

For expe r imen t s  i n  
F r a c t i o n s  of an  I l l i n o i s  No. 5 c o a l  (PSOC-252) from t h e  

A s  expec ted  from Royer ' s  work (7 ) ,  t h e  f o l l o w i n g  compounds were c l e a v e d  by excess  
Py-HI i n  a n  evacua ted ,  s e a l e d  t u b e  a t  210" f o r  4 5  h r s :  A n i s o l e ,  (I),  (IV),  (V) and 



methy l  benzoa te .  From t h e  e t h e r  r e a c t i o n s ,  phenol  was i s o l a t e d ;  from t h e  e s t e r ,  
benzo ic  a c i d .  Only t r a c e  amounts o f  a l k y l  i o d i d e s  were found s i n c e  t h e y  r e a c t  w i t h  
H I  a t  210" t o  y i e l d  t h e  obse rved  hydrocarbons.  These r e s u l t s  show t h e  e t h e r s  t o  
behave normally and a l s o  i n d i c a t e  t h a t  t h e  r e a c t i v i t y  of Py-HI i s  s l i g h t l y  g r e a t e r  
t han  t h a t  of Py-HBr, a s  expec ted  f o r  c l e a v a g e  by n u c l e o p h i l i c  s u b s t i t u t i o n .  
and 25 hour s ,  Py-HI conve r t ed  2-methoxy benzo ic  a c i d  t o  a complex m i x t u r e  o f  p r o d u c t s  
i n c l u d i n g  s e v e r a l  r i n g  i o d i n a t e d  s p e c i e s  (mass spec ) .  

REACTIONS I N  SOLUTION 

A t  196" 

A s  expec ted ,  2-naphthylmethyl-2-naphthyl e t h e r  (11) i s  c l e a v e d  by r e f l u x i n g  57% 
aqueous H I  t o  y i e l d  2-naphthol .  However, a t  t empera tu res  of 50 to  115", f o r  up t o  
seven days ,  Py-HI d i d  n o t  c l e a v e  t h e  monofunct ional  a r o m a t i c  e t h e r s  o r  e s t e r s  l i s t e d  
i n  Tab le  1 i n  e i t h e r  w e t  o r  d ry  p y r i d i n e ,  a c e t o n i t r i l e  o r  e t h a n o l .  The a d d i t i o n  o f  
r a d i c a l  i n i t a t o r s ,  A I B N  or benzoy l  pe rox ide ,  d i d  n o t  produce c l e a v a g e ,  nor d i d  FeS, 
FeS o r  FeCl added t o  mimic m i n e r a l  m a t t e r  i n  c o a l .  Added d i p h e n y l  s u l f i d e  a l s o  had 
no e f f e c t .  2 2 

E t h e r s  (I)  and (11) were mixed w i t h  Py-HI and TIPS o r  e x t r a c t e d  c o a l ,  i n  p y r i d i n e ,  
under  n i t r o g e n  f o r  up t o  seven d a y s  a t  55 o r  115". No c l e a v a g e  p r o d u c t s  were d e t e c t e d  
by HPLC ( 2 %  d e t e c t i o n  l i m i t )  and e t h e r  (11) was r ecove red  from t h e  c o a l  i n  h igh  y i e l d .  

HYDROGEN BONDED ETHERS 

Recent d a t a  from Lar sen (9 )  and Ge thne r ( l0 )  i n d i c a t e  t h a t  e t h e r  oxygen in c o a l  
may a l r e a d y  be p r o t o n a t e d  and p e r h a p s  a c t i v a t e d  toward i o d i d e  a t t a c k .  
t h a t  a l l  hydroxyl  g roups  i n  c o a l  can  be d e r i v a t i z e d  w i t h  bis(tri-n-buty1tin)oxide 
and t h a t  each  i n t r o d u c e d  tin atom is w i t h i n  hydrogen bonding d i s t a n c e  of a n o t h e r  
he t e roa tom.  Elemental  compos i t ion  r e q u i r e s  t h a t  t h i s  a tom b e  oxygen. G e t h n e r ' s  FTIR 
s t u d y  o f  D 0 exchanged c o a l  shows t h a t  a l l  pheno l i c  hydroxy l  g roups  i n  I l l i n o i s  No.6 
c o a l  a r e  hydrogen bonded, s u g g e s t i n g  t h a t  t h e  geometry seen  i n  L a r s e n ' s  t i n  d e r i v a -  
t i v e  i s  a l s o  p r e s e n t  i n  c o a l  i t s e l f .  

La r sen  showed 

2 

We propose t h a t  t h e s e  r e s u l t s  c a n  be e x p l a i n e d  by s t r u c t u r e  (VII) i n  which e t h e r  
oxygen w i t h i n  a c o a l  c r o s s - l i n k  i s  hydrogen bonded t o  a p h e n o l i c  hydroxy l  group which 
i s  a l s o  c o v a l e n t l y  l i n k e d  t o  p a r t  of t h e  network.  
toward i o d i d e  a t t a c k  i n  p y r i d i n e  s o l u t i o n  where s imple  e t h e r s  would n o t  r e a c t .  

Such e t h e r s  may be a c t i v a t e d  

I f  a s t r u c t u r e  such  a s  (VII) were p r e s e n t  i n  TIPS, would i t  a c t i v a t e  t h e  e t h e r  
toward c l e a v a g e  by i o d i d e ?  To answer t h i s ,  w e  used 2-methoxy pheno l ,  2-phenylmethoxy 
pheno l  and s e v e r a l  a lkoxy  s u b s t i t u t e d  benzo ic  a c i d s  as  model e t h e r s  f o r  r e a c t i o n s  
w i t h  Py-HI, L i I  and K I  i n  p y r i d i n e ,  a c e t o n i t r i l e  and DMSO and found t h a t  b o t h  2- 
methoxy and 2-ethoxy benzo ic  a c i d  a r e  c l eaved  by s o u r c e s  o f  i o d i d e  i o n  i n  p y r i d i n e  
a t  85-115" t o  produce s a l i c y l i c  a c i d .  
benzo ic  a c i d s  are i n e r t  under  t h e s e  c o n d i t i o n s .  R e s u l t s  a r e  summarized i n  Tab le  2.  

The two pheno l s  and t h e  4-methoxy and 2-phenoxy 

The s u b s t i t u t e d  benzo ic  a c i d s  w e r e  chosen as compounds i n  which t h e  e f f e c t  of 
i n t e r n a l  hydrogen bonding on e t h e r  c l e a v a g e  cou ld  be c o n v e n i e n t l y  t e s t e d  and t h e s e  
r e s u l t s  do  n o t  imply t h a t  e t h e r s  c l e a v e d  in c o a l  a r e  o r t h o  t o  c a r b o x y l i c  a c i d s .  
These r e s u l t s  do show t h a t  Py-HI and L i I  can  c l e a v e  a l k y l - a r y l  e t h e r s  i n  p y r i d i n e  i f  
t h e  e t h e r  oxygen c a n  be p r o t o n a t e d  by i n t r a m o l e c u l a r  hydrogen bonding.  
hydrogen bonding i n  2-methoxy benzo ic  a c i d  h a s  been demons t r a t ed  i n  t h e  c o n c e n t r a t i o n  
r ange  of our  expe r imen t s ,  c o n d i t i o n s  where benzo ic  and 2-methyl benzo ic  a c i d s  are 
l a r g e l y  d i m e r i c . ( l l )  

I n t r a m o l e c u l a r  

Based on f l u o r e s c e n c e  s t u d i e s ,  Ware and co -worke r s ( l2 )  concluded t h a t  t h e  ca r -  
boxyl  p r o t o n  o f  3-hydroxy-2-naphthoic a c i d  hydrogen bonds t o  added p y r i d i n e ,  i n  
t o l u e n e  s o l u t i o n ,  w i thou t  complete  i o n i z a t i o n  of t h e  0-H bond. T h i s  i m p l i e s  t h a t  
t h e  a c i d  p r o t o n  i s  a v a i l a b l e  f o r  a c t i v a t i n g  a n  a d j a c e n t  e t h e r ,  p o s s i b l y  a s  i n  s t r u c -  
t u r e  ( V I I I ) .  
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I f  S t r u c t u r e s  s u c h  as ( V I I I )  are p r e s e n t  i n  p y r i d i n e  s o l u t i o n ,  and p rov ide  con- 
d i t i o n s  s u f f i c i e n t  f o r  c l e a v a g e ,  t h e n  t h e  r e a c t i o n s  w i t h  K I  and  L i I  a r e  r a t i o n a l i z e d .  
The f a i l u r e  o f  4-methoxy b e n z o i c  a c i d  t o  r e a c t  s u g g e s t s  t h a t  e l e c t r o n i c  e f f e c t s  through 
t h e  r i n g  are n o t  r e s p o n s i b l e  for t h e  r e a c t i o n s  of  t h e  o r t h o  i somers .  Although 
k i n e t i c s  have n o t  been d e t e r m i n e d ,  t h e  r e a c t i o n  o r d e r  m e t h y l > e t h y l > > > p h e n y l  i s  con- 
s i s t e n t  w i t h  c l e a v a g e  y& n u c l e o p h i l i c  s u b s t i t u t i o n  on carbon.  

The f a i l u r e  of 2-methoxy p h e n o l  and 2-phenylmethoxy phenol  t o  r e a c t  i s  a problem, 

Perhaps  t h e  geometry 
s i n c e  t h e  hydrogen bond i n  s t r u c t u r e s  such a s  (VII) must come from hydroxyl  r a t h e r  
than  c a r b o x y l  t o  be c o n s i s t e n t  w i t h  L a r s e n ' s  and G e t h n e r ' s  d a t a .  
f o r  s t r o n g  i n t e r n a l  hydrogen bonding  i n  t h e  model p h e n o l s  i s  n o t  a p p r o p r i a t e  ( f i v e  
v e r s u s  s i x  membered r i n g )  o r  t h e  e l e c t r o n i c  e f f e c t  o f  one oxygen i n h i b i t s  a c t i v a t i o n  
o f  t he  a d j a c e n t  oxygen-carbon bond. 
c u r r e n t l y  i n  p r o g r e s s .  

S t u d i e s  of o t h e r  s u b s t i t u t e d  p h e n o l s  a r e  

S-RY 

P y r i d i n e  h y d r i o d i d e  and l i t h i u m  i o d i d e ,  i n  p y r i d i n e ,  d e a l k y l a t e  2-methoxy and 
These r e s u l t s  p l u s  t h e  r e p o r t s  2-ethoxy, b u t  n o t  4-methoxy b e n z o i c  a c i d s  a t  115".  

of Mayo gt ( 1 , 2 , 3 )  a l l o w ,  b u t  do n o t  r e q u i r e ,  t h e  c o n c l u s i o n  t h a t  i o d i d e  r e a g e n t s  
c l e a v e  e t h e r s  i n  c o a l .  Based upon t h e  behavior  of t h e s e  and o t h e r  model compounds, 
we b e l i e v e  t h a t  any e t h e r s  i n  c o a l  c l eaved  by L i z  o r  Py-HI in p y r i d i n e  must have 
s t r u c t u r e s  which p r o v i d e  i n t r a m o l e c u l a r  hydrogen bonding t o  t h e  e t h e r  oxygen t o  
a c t i v a t e  t h e  oxygen-carbon bond toward a t t a c k  by i o d i d e  i o n .  
r e c e n t  r e s u l t s  i n d i c a t e  t h a t  e t h e r s  i n  c o a l  may meet t h i s  r e q u i r e m e n t .  

G e t h n e r ' s  and La r sen ' s  
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Tab le  1 S t a r t i n g  material  r ecove ry  f rom r e a c t i o n s  of Py-HI w i t h  model e t h e r s  or 
esters 

b 
Compounda Solvent  C a t a l y s t  Time Temp % Recovery b ( " 0  

I 

IIC 

I1 

I11 

I V ,  v 

V I  
: 

Aniso le  

Methyl 
1 Benzoate  

PY 

Py, CH3CN 

PY 

PY 

CH CN 3 

PY 

CH3CN 

PY 

Py, E t O H  

CH3CN 

None, Ext Coal 5hr-7d 
TIPS 

A I B N ,  (PhCOO)2 1-2d 

FeS, FeS2, PhZS 3-7d 

2 Ext  Coa l ,  H 2 0 ,  FeCl 

None 5d 

None 5d 

None 3d 

None 1, 3d 

None 3d 

None 5-6hr 

None lOhr 

55-80 

70-95 

90-115 

90 

78 

115 

81 

115 

Ref lux  

81 

89-93 

87-94 

94-100 

98 

94 

100 

93, 94 

96 

92-93 

9 3  

a I d e n t i f i e d  i n  Exper imen ta l  S e c t i o n  

c LiI-H 0 i n  p l a c e  of Py-HI 
'! b No c l eavage  p roduc t s  d e t e c t e d  (<2%) 

2 
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Tab le  2 Reac t ion  of s u b s t i t u t e d  benzo ic  a c i d s  o r  pheno l s  w i t h  i o d i d e  s a l t s  

Subs t i t u e n  t Reagent So lven t  Tempa % Acid % Ether  
("0 Produc t  Recovered 

Benzoic Acids  

2-me thoxy 

2-methoxy 

2-me thoxy 

2-me t hoxy 

2-me t hoxy 

2-methoxy 

2-e thoxy 

2-phenoxy 

2-phenoxy 

4-methoxy 

Phenols  

Py-HI PY a5 10 80 

Py-HI PY 115 a i  14 

LiI-H 0 PY a5 54 44 

K I  PY 115 58 33 

2 

99 

94 

Py-HI PY 115 i a  84 

100 

94 

96 

b _ _  Py-HI CH3CN 75 

__ Py-HI DMSO 75 

_ _  Py-HI PY 115 

-- LiI-H20 PY 90 

-- Py-HI PY 115 

r ,  
, I  

2-methoxy 
100 _ _  phenol  Py-HI PY 115 

2-phenylmethoxy 
100 _ _  phenol  Py-HI PY 115 

a Reac t ion  t i m e  3 days  
b No c l e a v a g e  p r o d u c t s  d e t e c t e d  ( < 2 % )  

0 
\ I  

.. 

S t r u c t u r e  (VII) S t r u c t u r e  ( V I I I )  
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ABSTRACT 

A labora tory  s c a l e  fixed-bed c o a l  g a s i f i c a t i o n  r e a c t o r  w a s  b u i l t  wi th  t h e  
o b j e c t i v e  of ob ta in ing  d e t a i l e d  temperature  p r o f i l e s  i n s i d e  t h e  bed dur ing  t h e  
g a s i f i c a t i o n  process .  
fixed-bed g a s i f i c a t i o n  and i n  t h e  es t imat ion  of s u i t a b l e  parameters  f o r  use  wi th  
proposed models. This  a r t i c l e  descr ibes  t h e  experimental  s e t u p  and presents  t h e  
results of a run  using Wyoming c o a l .  
s imula t ion  r e s u l t s  ob ta ined  us ing  a d e t a i l e d  two-dimensional model of  t h e  g a s i f i e r .  

Such d a t a  are needed i n  v a l i d a t i n g  proposed models f o r  

The experimental  d a t a  are compared wi th  

1. INTRODUCTION 

Fixed-bed coa l  g a s i f i c a t i o n  i s  a commercially used technology f o r  r e a c t i n g  
coa l  wi th  steam and oxygen t o  produce u s e f u l  gases  such a s  CH4, CO, and H2. 
Considerable  work has  been done l a t e l y  on modeling of  t h e  fixed-bed g a s i f i e r .  A 
r a t h e r  d e t a i l e d  model w a s  p resented  by Yoon et a l .  (1). Fur ther  improvements on 
t h i s  model have been made by Cho and Joseph (2)  and K i m  and Joseph (3) .  It has  
been d i f f i c u l t  t o  e s t a b l i s h  t h e  v a l i d i t y  of t h e s e  models f u l l y  because of t h e  
l a c k  of  s u f f i c i e n t  o p e r a t i o n a l  d a t a  on commercial s c a l e  g a s i f i e r s .  The research  
presented here  was undertaken t o  remedy t h i s  s i t u a t i o n  by developing an exper i -  
mental procedure f o r  genera t ing  d a t a  which can be used d i r e c t l y  i n  t h e  v e r i f i -  
c a t i o n  of proposed models and t o  determine parameters  t h a t  are requi red  i n  t h e  
model. The paper c o n t a i n s  a d e t a i l e d  d e s c r i p t i o n  of t h e  appara tus  used, t h e  
experimental  procedure and s e l e c t e d  r e s u l t s  on g a s i f i c a t i o n  of Wyoming c o a l .  
paper a l s o  inc ludes  a b r i e f  ske tch  of t h e  modeling e f f o r t  and a comparison between 
the  experimental  d a t a  and model p r e d i c t i o n s .  

The 

2. DESCRIPTION OF EXPERIMENTAL SETUP 

In  a commercial s c a l e  fixed-bed g a s i f i e r ,  c o a l  i s  fed  cont inuously a t  t h e  
top  a t  a slow r a t e  whi le  steam and oxygen ( o r  a i r )  i s  fed a t  t h e  bottom. The 
c o a l  undergoes dry ing  and d e v o l a t i l i z a t i o n  a t  t h e  top  o f  t h e  g a s i f i e r  and char  
descends slowly through t h e  r e a c t o r .  Because t h e  char-bed is moving s lowly i t  
i s  termed a s  a fixed-bed r e a c t o r .  For t h e  purposes of  t h i s  r e s e a r c h  i t  w a s  
decided t h a t  t h e  runs w i l l  be conducted on a bed of char  which i s  s t a t i o n a r y .  
Hence i t  approximates t h e  commercial process  wi th  t h e  coa l  feed c u t  o f f .  The 
r e s u l t i n g  t r a n s i e n t  d a t a  ( s i n c e  we w i l l  have a r e a c t i o n  f r o n t  moving through t h e  
char  bed) i s  then  used f o r  v a l i d a t i n g  models of g a s i f i e r s .  

Figure 1 shows t h e  schematic  of t h e  experimental  se tup .  The major p ieces  
of equipment are a steam genera tor ,  feed  prehea ter ,  t h e  t u b u l a r  r e a c t o r ,  a 
condenser f o r  removing t a r s  and water ,  gas  chromatograph f o r  product gas a n a l y s i s  
and a d a t a  a c q u i s i t i o n  system f o r  monitor ing t h e  temperature .  

The g a s i f i c a t i o n  v e s s e l  is a 4 i n .  diameter ,  4 f t .  l o n g  c y l i n d r i c a l  
s t a i n l e s s  steel tube i n s u l a t e d  with r e f r a c t o r y  and surrounded by a 6 inch  
diameter  s t a i n l e s s  s teel  tube.  
high as 1200°C. 

The v e s s e l  can be opera ted  at temperatures  a s  
This  r e a c t o r  i s  packed with d e v o l a t i l i z e d  c o a l .  The 
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d e v o l a t i l i z a t i o n  i s  c a r r i e d  o u t  s e p a r a t e l y  i n  another  furnace  in a n i t rogen  
atmosphere a t  a temperature  o f  approximately 800°C u n t i l  no f u r t h e r  weight l o s s  
occurs .  
run r e q u i r e s  approximately 4 kg of coa l .  

The c o a l  used i s  i n  t h e  s i z e  range 8 - 20 mesh (2.3 - .833 nun). Each 
A s u p e r f i c i a l  gas  v e l o c i t y  of approximate- { 

\ l y  1 f t / s e c  is used i n  t h e  g a s i f i e r .  

Figure 2 shows a d e t a i l  of t h e  g a s i f i c a t i o n  r e a c t o r .  The r e a c t o r  i s  designed 
t o  o p e r a t e  c l o s e  t o  a tmospheric  pressure .  
f r a c t o r y  l i n i n g  around t h e  r e a c t o r  tube and by ceramic beads a t  both ends of the  
tube. 
reac t ion .  I n i t i a l l y  t h e  i n s i d e  l i n e r  of t h e  g a s i f i e r  w a s  cons t ruc ted  wi th  
ceramic b u t  i t  cracked r e p e a t e d l y  due t o  thermal  shock. 

Heat l o s s e s  are minimized by a re- 

An i g n i t i o n  c o i l  at t h e  top  of  t h e  bed is used t o  start t h e  combustion 

The product  gases  a r e  s e n t  through a condenser and l i q u i d  s e p a r a t o r  t o  
remove water, t a r  and ash .  The remaining gases  are f l a r e d .  A sample i s  s e n t  
through t h e  GC f o r  a n a l y s i s  every 15  minutes. 

Temperature p r o f i l e s  i n  t h e  bed a r e  measured by means of  two thermowells 
i n s e r t e d  a x i a l l y  a t  r = 0 and r =.36 c m .  Type K (chromel/alumel) thermocouples 
were used. The thermocouple l o c a t i o n s  are sho-wn in Figure  2 .  The d a t a  from 
t h e  thermocouples was c o l l e c t e d  by means of a n  LSI/11 microcomputer and s tored  
on t a p e .  
is  analyzed f u r t h e r .  

This data  w a s  then  t r a n s m i t t e d  t o  a DEC-20 mainframe where t h e  d a t a  

3 .  EXPERIMENTAL RESULTS 

Two s u c c e s s f u l  r u n s  were made us ing  char  generated from Wyoming coa l .  
The r e s u l t s  of  t h e  second run are repor ted  here .  The c o a l  a n a l y s i s  i s  given i n  
Table 1. The opera t ing  c o n d i t i o n s  of  t h e  g a s i f i e r  a r e  repor ted  i n  Table  2. Note 
t h a t  t h e  a i r  f low had t o  be  decreased a f t e r  45 minutes  t o  maintain t h e  maximum 
temperatures  below 1200°C. 
a n a l y s i s  of t h e  m a t e r i a l  remaining i n  t h e  g a s i f i e r  i n d i c a t e d  some unconverted 
carbon ( s e e  Table  2 ) .  
co l lapsed .  

The r u n  w a s  terminated a f t e r  50 minutes. An 

The bed l e n g t h  w a s  on ly  1 2  c m  i n d i c a t i n g  t h a t  t h e  a s h  

The r e s u l t s  of t h e  run a r e  shown i n  F igures  3 ,  4 and 5 .  Figure 3 shows 
the  temperature  p r o f i l e s  of t h e  i n n e r  thermocouples. Note t h a t  a f t e r  t h e  
temperature  has reached a peak, t h e  thermocouple is s i t t i n g  i n  a bed of  ash  
and the  drop i n  te rmpera ture  i s  caused by h e a t  l o s s  from t h e  bed t o  t h e  w a l l s  
and the  gases .  
decreases  a s  t h e  bed i s  r e a c t e d .  
t h e  p r o f i l e  i n  t h e  a x i a l  d i r e c t i o n  towards t h e  end of  t h e  run.  

The peak tempera tures  a r e  around 1200°C and t h e  peak va lue  
Also t h e r e  i s  a cons iderable  spreading  of 

I 

Figure 4 shows t h e  temperature  p r o f i l e s  of t h e  o u t e r  thermocouples. These 
temperatures  are notab ly  lower t h a n  t h e  i n n e r  ones. 
s i n c e  t h e  w a l l  a c t s  a s  a hea t  s i n k  lowering t h e  temperatures  c l o s e  t o  t h e  
w a l l .  Also t h e  spreading  of t h e  temperatures  i n  t h e  a x i a l  d i r e c t i o n  i s  seen 
i n  t h i s  set of  p r o f i l e s  a l s o .  

This  is not  s u r p r i s i n g  T 

f 

Figure 5 shows t h e  product  gas  composition as a func t ion  of t i m e .  A f t e r  
t h e  i n i t i a l  t r a n s i e n t  t h e  composi t ion a t t a i n s  near ly  cons tan t  va lues .  
is some oxygen bypassing i n  t h e  g a s i f i e r .  
caused by e r r o r s  i n  a n a l y s i s .  
chromatograph, hydrogen a n a l y s i s  had a l a r g e  c o r r e c t i o n  f a c t o r  and hence has  
g r e a t e r  e r r o r  than the  o t h e r  g a s e s .  
ba lance  around t h e  system confinned t h i s .  

There 
The f l u c t u a t i o n s  are probably 

Due t o  t h e  use  of helium a s  t h e  c a r r i e r  gas  i n  the  gas I 

Attempts on c l o s i n g  a hydrogen mass 
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Whether or  not t h e  oxygen bypassing occured through t h e  bed o r  t h e  i n s u l a t e d  
w a l l  is d i f f i c u l t  t o  determine.  
decreases  and hence t h e  a s s o c i a t e d  pressure  drop through t h e  bed a l s o  decreases .  
This might have cont r ibu ted  t o  decreased bypassing of t h e  oxygen. 

A s  t h e  r e a c t i o n  progresses ,  t h e  bed l e n g t h  

4 .  COMPARISON WITH SIMULATION RESULTS 

In p a r a l l e l  with t h i s  experimental  i n v e s t i g a t i o n ,  a modeling s tudy  w a s  
conducted with two o b j e c t i v e s .  The f i r s t  w a s  t o  be a b l e  t o  s tudy t h e  behavior  
of l a r g e  s c a l e  fixed-bed g a s i f i e r s  such as t h e  Lurgi-type. The second was t o  be  
a b l e  t o  v a l i d a t e  t h e  model us ing  t h e  r e s u l t s  from t h e  l a b o r a t o r y  s c a l e  g a s i f i e r .  
The d e t a i l s  of t h e  model w a s  publ ished elsewhere (Joseph, e t  a l . ,  1983). A b r i e f  
summary i s  given here .  

I n  a t y p i c a l  commercial s c a l e  g a s i f i e r  t h e  c o a l  is moving a t  a much smaller  
v e l o c i t y  than t h e  gases .  
zones, one f o r  drying and d e v o l a t i l i z a t i o n  and another  f o r  combustion and 
g a s i f i c a t i o n .  The f i r s t  zone i s  r e l a t i v e l y  narrow and can be  assumed t o  t a k e  
place ins tan taneous ly  f o r  p r a c t i c a l  purposes. It i s  t h e  second zone t h a t  
determines t h e  opera t ing  c h a r a c t e r i s t i c s  of t h e  g a s i f i e r .  I n  t h i s  zone, c h a r  
descends slowly reaching with t h e  gases  r i s i n g  from t h e  combustion zone. This  
w a s  t h e  reason f o r  us ing  char  ins tead  of coa l  i n  t h e  experimental  s t u d i e s .  The 
main r e a c t i o n s  i n  t h i s  zone are char-oxygen, char-steam, char-carbon dioxide 
and t h e  water-gas s h i f t  r e a c t i o n .  In  a d d i t i o n  t o  t h e s e  r e a c t i o n  k i n e t i c s ,  t h e  
h e a t  and mass t r a n s f e r  i n  both  a x i a l  and r a d i a l  d i r e c t i o n s  p lay  a s i g n i f i c a n t  
r o l e .  

A s  a r e s u l t ,  t h e  g a s i f i e r  can  be divided i n t o  two 

A number of assumptions a r e  r e q u i r e d  t o  develop a model t h a t  i s  both  
mathematical ly  and computat ional ly  t r a c t a b l e .  Some major assumptions inc lude  
a shr inking-core model f o r  gas-so l id  k i n e t i c s ,  no a x i a l  d i s p e r s i o n  of h e a t  and 
a homogeneous gas-sol id  temperature  i n  t h e  bed. The equat ions  r e s u l t i n g  from 
t h e  mass and energy ba lances  a r e  so lved  numerical ly  using s u i t a b l e  i n t e g r a t i o n  
methods. The i n t e r e s t e d  reader  is r e f e r r e d  t o  Joseph et a l .  ( 4 ) .  

Figures  6 and 7 show a comparison of temperatures  pred ic ted  by the model 
and those  experimental ly  cbserved.  The agreement between t h e  two dur ing  t h e  
e a r l y  p a r t  of  the  run  i s  good. However t h e  temperature  p r o f i l e s  p r e d i c t e d  by 
t h e  model tend to  be r a t h e r  uniform wi th  r e s p e c t  t o  t i m e  whereas t h e  experi-  
mental p r o f i l e s  e x h i b i t  a marked decrease  i n  t h e  peak va lue  and a spreading of 
t h e  p r o f i l e  i n  t h e  a x i a l  d i r e c t i o n .  

S imi la r  t rends  were observed i n  another  run as repor ted  i n  Salam (5).  
This  spreading of t h e  temperature  p r o f i l e  could have been caused by a number 
of  reasons.  Sources of modeling e r r o r s  inc lude  ( i )  a x i a l  d i s p e r s i o n  of h e a t  
( i i )  thermal s t o r a g e  and conduct iv i ty  of  t h e  thermowells ( i i i )  r e d u c t i o n  i n  
bed l e n g t h  caused by c o l l a p s i n g  ash  l a y e r  ( i v )  e f f e c t  of h e a t  t r a n s f e r  by 
r a d i a t i o n  t o  t h e  w a l l s  and (v) e f f e c t  of  channel ing and bypassing of oxygen through 
t h e  bed. 

5. CONCLUSIONS 

This paper presented t h e  r e s u l t s  of  a char  g a s i f i c a t i o n  run  using Wyoming 
coa l  i n  a fixed-bed l a b o r a t o r y  g a s i f i e r .  The temperature  p r o f i l e s  i n  t h e  bed 
a t  var ious  a x i a l  and r a d i a l  p o s i t i o n s  are presented a s  a f u n c t i o n  of t i m e .  The 
r e s u l t s  are usefu l  i n  v a l i d a t i n g  proposed models f o r  fixed-bed g a s i f i e r s .  
Comparison wi th  one such model i n d i c a t e s  t h a t  t h e  model is capable  of  p r e d i c t i n g  

227 



t h e  i n i t i a l  temperature  p r o f i l e s  reasonably w e l l ,  b u t  r e q u i r e s  f u r t h e r  r e f i n e -  
ment t o  b e  a b l e  t o  e x p l a i n  some f l a t t e n i n g  t r e n d s  i n  t h e  temperatures .  Current 
research  i s  focused on t r y i n g  t o  update the model i n  order  t o  expla in  t h e  ex- 
per imental  observa t ions .  
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Coal Analysis 

Mine. . . .  
Town. . . .  
County. . .  
S ta te  . . .  
Abbreviated 
Sample Date 
Bin 4 . . .  

. . . . . .  . . . . . .  . . . . . .  . . . . . .  
ID. . . . .  . . . . . .  . . . . . .  

Wyodak 
Campbell 
Campbell 
Wyoming 
wyo 1 
7-15-78 
3500 

Proximate Rnalysis:  
As Received 

Moisture . . . . . . . . . . .  31.87 
V o l a t i l e  Matter.  . . . . . . .  32.46 
Fixed Carbon . . . . . . . . .  30.16 
Ash. . . . . . . . . . . . . .  5.51 
Heat ing Value (B tu / l b )  . . . .  7978 

U l t i m a t e  Analysis:  
Mo is tu re - f ree  

Ash. . . . . . . . . . . . . .  8 . 0 9  

Moisture- and Ash-free 

Hydrogen . . . . . . . . . . .  5.75 
Carbon . . . . . . . . . . . .  74.05 
N i t rogen  . . . . . . . . . . .  1.39 
Su l fu r  . . . . . . . . . . . .  0.53 
Oxygen (by d i f f )  . . . . . . .  18.28 

H/C Rat io.  . . . . . . . . . .  0.93 
Heat ing Value W,F ( E t u l l b )  . . 12.742 

i 

Tab le  1. A n a l y s i s  o f  Coal Used i n  t h e  G a s i f i c a t i o n  R u n s  

Char Loaded: 
Char Compo?lition: 

Time 0-45 min. 

INLET 

O r n T  

Time 45-580 

I N U T  

O r n T  

k r e a c t e d  Carbon: 
Reactor Pressure: 
Original Bed Length: 
Plnal Bed Length: 

3645.7 W devolatiiired Uyodae char 
83.56% Carbon 
11.97% Ash 
2.33% Oxygen 
1.022 ~~d~~~~~ > bfSture  included 
0.62% Nitrogen 
0.50% Sulfur 

Product Gas Plovrate: 2.055 m3fb.* 

Total Condensate: o m  

Product Cas Flowrate: 2.022 &/hr* 
Total Condensate: 382.2 gmr 

697.8 - 
85.7 cm 

* ac 25.C. 0.1013 P(Pa 0.1910 ma 

a p p = o x h t , e l y  12.0 cm 

Tab le  2 .  Summary o f  O p e r a t i n g  C o n d i t i o n s  f o r  G a s i f i c a t i o n  Run 8072483 
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